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INTRODUCTION 

This Inter im P r o g r e s s  Repor t  p r e s e n t s  a discussion of the 
work performed on Contract  NAS 9-879 during the per iod f rom 
1 Februa ry  1963 through 27 March r963. 

The modulation and de-modulation task  i s  fully repor ted  in 
this  volume. While the principal emphasis  in that  work has  been 
placed on a n  examination of wide bandwidth s y s t e m s  with the goal 
of providing r e a l  t ime T V  capability, the feasibil i ty of utilizing such 
capability at these  ex t r eme  ranges is strongly dependent on the 
state-of-,art  a f  o ther  sys tem pa rame te r s .  As a re su l t ,  techniques 
for  providing nar rower  bandwidths a r e  a lso discussed. 

A t rea tment  of a tmospheric  attenuation studies is then 
given, using knowledge gained f rom the Hughes Aircraf t  Company 
Malibu-Baldwin Hills link. This is followed by a discussion of the 
ex t remely  important  pointing problem,  the r e su l t  of which is seen 
to have considerable impact  on the design bandwidth. 
selection is also t rea ted  i n  a pre l iminary  way. 

Frequency  

The r e p o r t  concludes with a t rea tment  of the sys tem implem-  
entation problem and d iscusses  the advantage and disadvantages of 
the various communications links. Some p re l imina ry  conclusions 
for  sys tem selection can  be  drawn, providing a bas is  for  the sys tem 
design which is the principal subject of the next r epor t  period. 

e L .  BRINKMAN r196d 1 ''$ 
P r o j e c t  Manager 
NASA Deep Space Optical  
Communications Study 



1 . 0  TYPES O F  MODULATION 

Many techniques a r e  available to permi t  the modulation of light beams 
a t  low frequencies.  
before the advent of the l a s e r .  

Most of them have been known and put to  pract ical  use long 

The purpose of the following section is to survey  some of the various 
modulation methods applicable to the different types of l a s e r s  available and 
to make specific recommendations for their  use .  

The method of modulation will depend strongly on the type of l a s e r  used. 
F o r  a semiconductor l a s e r ,  fo r  instance, pump power modulation to video band- 
wi-dths i s  a s t ra ight  forward and simple problem. 
i s  radically different in a gas  l a se r  o r  ruby l a s e r .  
f requency modulation sys tem will depend on the frequency stabil i ty of the l a s e r  
and the frequency spacing between longitudinal modes.  
hand may hinder intensity modulation. 

The nature  of the problem 
Similar ly  the success  of a 

Spiking on the other  

1. 1 INTENSITY MODULATION 

There  exis t  var ious methods to modulate the intensity of a l a s e r  beam. 

These a r e  the electro-optical effect ,  in which use  i s  made of the change 
The two m o s t  promising f rom a communication standpoint will be considered 
here .  
of the optical p roper t ies  of cer ta in  ma te r i a l s  under the s t ra in  of an e lec t r ic  
i ieid;  and pump moduiation in which ilie l a s e r  p x x p  i x e c h ~ i s x  is ~ l t e r e d .  

1. 1.1 Electro-optical  Effect 

Certain liquids and crys ta l s  can change plane polarized light into ell iptical  
polarization when an electr ic  field is  applied to them e i ther  t r ansve r se  o r  longi- 
tudinally to the light propagation. If the optical medium is a liquid the phenom- 
enon is known as  the K e r r  effect ,  if a c rys t a l  it is the Pockels  effect. 

The change of polarization is basically caused by the dependence of 
the index of refraction, and thus of the propagation constant along cer ta in  optical 
a x e s  of the optical media on the applied electr ic  field. 
agation constant along the optical x-axis,  for  instance produces a change in phase 
with respect  to a beam polarized along the y-axis,  thus inducing different degrees  
of ell iptical  polarization. 

A variation of the prop- 

In liquids the changes of index a r e  based upon a s ta t is t ical  preferent ia l  
The upper frequency l imit  alignment of dipolar molecules in an e lec t r ic  field. 

is determined by the relaxation effects and lo s ses  occurr ing when the inverse 
f requency becomes comparable  to the charac te r i s t ic  correlat ion t ime for  Brownian 
motion. In the case  of nitrobenzene this time i s  about 50 psec.  In m o s t  solids 
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the character is t ic  time is  milch longer o r  does not exis t .  
c rys ta l s  such  a s  hydrogen phosphates allow displacements in their  a tomic 
s t ructure  which account fo r  the Pockels  effect. The upper frequency l imi t s  
of such crys ta l s  has  not yet been fixed. A prac t ica l  limitation of the K e r r  
effect as a light modulator is that the induced optical retardation is propor-  
tional to the square of the applied e lec t r ic  field, whereas  in a Pockels  cel l  
the effect i s  l inear.  This resu l t s  f r o m  the fact  that in liquids all of the mole-  
cules a r e  f r ee  to rotate,  s o  one has  to average over  all orientations 'of the 
molecules and the l inear t e r m s  drop out. 
average out. Only under  strong biasing e lec t r ic  fields will a K e r r  ce l l ' s  phase 
retardation behave l inearly.  
a K e r r  cell  is s imi la r  to that of a Pockels  cell .  
liquid cel ls  require higher purity to conserve t ransmiss ion  proper t ies  and add 
complexity to light modulating s t ructure  s e e m  to make Pockels  cel ls  m o r e  useful 
as light modulators than K e r r  cel ls .  

However cer ta in  

In solids the l inear  t e r m s  do not 

In the best  c a s e s  the electro-optical  constant of 
This coupled to the fact  that 

The hydrogen phosphate Pockels  cel ls  have fa i r ly  good light t r ans  - 
miss ion  propert ies  in the spec t ra l  region f r o m  0 . 3  to 1.1 microns .  The percent  
t ransmiss ion  in this region averages  higher than 80% for  1/4 inch c rys t a l  thick- 
ness .  Cuprous chloride o r  cuprous bromide which have a l s o  been used as  
electro-optical  modulators reportedly t ransmi t  light out to wavelengths of 
15 microns .  

Not all of the light t ransmit ted through the hydrogen phosphate c rys t a l s  
i s  modulated. A considerable fraction of the light "leaks" through the system 
because of the anisotropic nature of the dielectr ic  constant and slight dis loca-  
tion of the optical ax is .  
beam. 
between maximum and minimum t ransmiss ion  i s  defined a s  the cont ras t  ratio.  
F o r  a contrast  ratio of 100/1 in a hydrogen phosphate c rys t a l  of 1/16 inch thick- 
nes s  and transmitting light a t  0.  5 microns ,  the maximum acceptable angle 
of divergence of the beam i s  2 .  5 degrees .  
tional to the square root of thickness t imes  wavelength. F o r  the highly coll i-  
mated l a s e r  beams to be modulated light leakage can  be held to a minimum. 
The cuprous chloride and zinc sulphide Pockels  effect c rys t a l s  a r e  cubic and, 
in the absence of a n  e lec t r ic  field, isotropic.  This m e a n s  that light leakage 
i s  low and thus,  fo r  a given beam divergence, much longer c rys t a l s  may  be 
used. 
(section 2.1.2),  is  a useful property where long interactions between light 
beams and electr ic  fields a r e  required.  

The light leakage is a function of the solid angle of the 
When a Pockels cel l  i s  placed between c r o s s e d  polar izers ,  the ra t io  

This cone angle is inversely p r o p m -  

This, as  will be shown when studying traveling wave modulators ,  

Figure 1-1 shows a typical a r r angemen t  of a Pockels  ce l l  intensity 
modulator. 
light to c i rcu lar  polarization. 
conditions i t  can be shown that 

The qua r t e r  wave plate b iases  the incoming l inear ly  polarized 
The end polarizers a re  c ros sed .  Under such 
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LlQHT 
POLARIZATION -+-- ,-I-- 

\ 

{.- 

MODULATION 
SIGNAL 

to-- 

3 



where Io is the incoming light beam intensity, I is the modulated intensity, 
X is  the light wavelength, 
Pockels cel l ,  r is the electro-optical  constant, V i s  the modulating voltage and 
cu i s  the frequency of modulation. 

n i s  index of refraction of the ordinary beam in the 

Using a Besse l  function expansion equation (1) becomes 

I 1 - = + + 2 1J1 ( a >  s in  cut  + J ( a >  s in  3 Ut + J ( a >  s in  5 at - - - ~ 

Io 3 5 

where 

a = -  r( n ' r ~  X 

The total percent distortion is defined as  

Since there  i s  no second harmonic the distortion will  always be small f o r  
small values of a ,  Table 1-1 shows the percent  distortion and modulation 
for  different values of a. In this case  the percent modulation i s  defined as 

I /Io - 0.5 
- 

0.5 m - P  

where I 
l e s s  th& 1%. 

is the peak intensity. At 100% modulation the distortion is s t i l l  

If the quar te r  plate in Figure 1-1 is  removed equation (1) becomes 

I n3 r v s in  cut  
I 
1 -  
- -  
0 

in which case  the fundamental modulation frequency disappears .  
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Pockels  cel l  modulators may be operated a t  room tempera ture .  How- 
eve r  the c rys t a l ’ s  optical propert ies  a r e  susceptible to tempera ture  changes 
and c a r e  should be taken to maintaining i t  a t  a constant value. This causes ,  
in many c a s e s ,  heat dissipation problems since c rys t a l s  a r e  usually sma l l  
and modulation power requirements a r e  relatively high. By subjecting the 
Pockels  cel l  to low ambient  temperature  an improvement in performance 
resul ts .  When tempera ture  i s  lowered to the Curie point of the c rys t a l  the 
electro-optical  p roper t ies  a r e  enhanced. Typical resu l t s  indicate a 10 to 1 
reduction in the half-wave retardation voltage of hydrogen phosphate c rys t a l s .  

In m o s t  applications of Pockels c rys t a l s  to light modulators  the end 
sur faces  must  be polished to optical f la tness  and with the optical axis or iented 
to an  accuracy  of bet ter  than 2 10 seconds. 
often complicated by the fragile nature of the c rys t a l s .  

Achieving these accurac ies  is 

An additional problem is the reflection lo s s  a t  the end surfaces .  
minimize this i t  i s  necessa ry  to optically match  the c rys t a l  with a substance 
of s imi la r  dielectr ic  constant. 

TO 

1.1.2 Pump Power Modulation 

The electro-optical  modulation considered in 1.1.1 took place outside 
of the optical cavity. 
produced was of secondary interest .  
this section takes place inside the cavity and the charac te r i s t ics  of the cavity 
will  determine some of i ts  l imits .  Therefore  a shor t  consideration of the 
l a s e r  optical cavity will be useful. 

The means  by which the beam to be modulated was  
The modulation to be considered in 

In the optical cavity, a resonance frequency f will occur  when the r cavity i s  a n  integral  number of half wavelengths long. 

cM 
r 2nL f =  

where c is the speed of light in a vacuum, M is  an integer ,  n the index of 
the medium inside the cavity and L i s  the m i r r o r  spacing. M m a y  be inter-  
p re ted  as  the mir ror  spacing measured in half wavelengths. 
nL,  of 100 c m  and 10 c m  resu l t  in resonances spacing of 150 m c  and 1. 5 kmc 
respectively.  
passive cavity, is  given to a good approximation by::: 

Optical spacings,  

The width of the resonance between half power points fo r  a 

C 

+ V e r n  N. Smiley, “An Active Interference F i l t e r  as  a n  Optical Mase r  
Amplif ier ,  P r o c .  IRE,  Jan.  1963. 

W .  R. Bennet, J r .  I “Gaseous Optical Mase r s ,  Applied Optics, Supplement 
on Optical Mase r s ,  1962. 
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where R i s  the F r e s n e l  ref lect ion coefficient.  Combining (1) and (2): 
P 

( 3 )  

f o r  nL 100 cm and R = 0. 99, the bandwidth i s  approximately 0. 5 m c .  

When a l a s e r  ma te r i a l  is placed inside the cavity, with a single p a s s  gain 
of G,  ( 3 )  m u s t  be replaced by 

P 

(1 - GR ) C  
F =  P C 

2 nL(GR )1'2 
P 

(4) 

Minimum oscillation condition i s  given by GR = 1. Actually, oscil lation 
will begin at GR slightly l e s s  than one due tc?spontaneous emission.  

P 
neglecting absorpt ion l o s s e s  in the 

T O  
The max imum t ran sm i s s ion, 

end m i r r o r s ,  may be wri t ten 

(1-R )'G 
3 

T =  P 0 
(5)  

(1-R G)" 
P 

The gain of the l a s e r  m a t e r i a l  i s  controlled by the intensity of the pumping 
source .  The charac te r i s t ics  of the l a s e r ,  then, a s  i t  s t a r t s  to osci l la te  a r e  

a)  The emission frequency bandwidth nar rows .  

b)  The intensity of radiation within this bandwidth inc reases .  

The inherent  bandwidth of the l a s e r  has  been determined experimentally::: to be 
l e s s  than 2 cps. However, due to the rma l  and mechanical  var ia t ions in the 
cavity length, the output frequency of the l a s e r  osc i l la tor  v a r i e s  over  s eve ra l  
t ens  of kc ,  even with electronic  tuning and feedback cor rec t ion .  

F r o m  (5) ,  the power output is  proport ional  to  the gain of the l a s e r  
sys tem,  which in turn  is dependent on the pumping power.  
which makes  possible amplitude modulation of the pumping power.  
curve of power out vs .  pumping power is shown in F igu re  1-2. 

It i s  this  mechanism 
A typical 

- - ~- 

'+A. Javan,  e t  a l ,  "Frequency Charac te r i s t ics  of a Continuous -wave Heue 
Optical Maser ,  I '  Journ.  Am. Opt. SOC. p 46, J an .  1962. 
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At some threshold value of pumping power P the tube s t a r t s  t o  e m i t  
a coherent  beam which increases  thereaf te r  with inc reases  in applied power. 
At some point P2, the power-out ve r sus  power-in curve will level off o r  s t a r t  
to dec rease  depending on the composition of the individual l a s e r .  

1’ 

Of p r i m a r y  in t e re s t ,  when pump power modulation is being considered,  
is  the shape of the t r ans fe r  function curve in Fig. 1-2.  
curve drops  to ze ro ,  P1, represents  the minimum instantaneous value of pump 
power which can be used before the l a s e r  extinguishes.  The point a t  which the 
curve f l a t t ens  out o r  s t a r t s  to decrease with increasing pumping p o w e r ,  
r ep resen t s  the beginning of nonlinearity and distortion. The region between 
P and P 
var ied  with a minimum nonlinearity. 

The point at which the 

p2 

then r ep resen t s  the range over  which the pumping power may be 1 2 

The percent  distortion in the modulated beam will  depend on the deviation 
which in turn  depends on the of the curve f r o m  a s t ra ight  line between P and P 1 2 ’  par t icu lar  l a s e r  composition. 

If the average  pumping power,  Po, is 

p1 + p2 
2 P =  

0 

then 
p1 -pL,.. 

x 100 x 100 = K --- 
0 min U L11A11 

P - P  

0 P’ P 70 modulation = 

0 

i f  the t r ans fe r  curve is limar. If Pm.  
modulation level which may be used w%hout extinguishing the l a s e r  action. 
The 70 modulation is not 100% unless P 
l a s e r s  the modulation level  i s  limited to considerably l e s s  than 100%. 

= P1, this is  the maximum pump 

= 0,  which is not the case .  F o r  m o s t  

The efficiency of the modulation p rocess  i s  a second consideration. 
Unlike some modulation processes  which requi re  v e r y  l i t t le power by utilizing 
the gain of the cavity,  the pump modulator must supply power on the o rde r  of 
magnitude of the pump source  itself and the result ing modulation efficiency i s  
approximately equivalent to the pumping efficiency. 

Since p a r t  of the discussion of pump power modulation is pecul iar  to 
the type of l a s e r  under  consideration, these will be d iscussed  separately.  

a - Semiconductor L a s e r  

The semiconductor l a se r ,  such a s  the Ga A s  diode, i s  pumped by a low 
voltage,  high c u r r e n t  d-c power supply. 
devices  has  been reported.  

Both pulsed and CW operation of these 
The pump modulation of this type of l a s e r  provides  

-7 - 
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the m o s t  promising means  of control. Upper frequency limitations are  not 
imposed by pumping frequency, a s  in r - f  excited lasers, but by the physical 
charac te r i s t ics  of the device itself. Modulation bandwidth is expected to be 
relatively high. 
threshold has a l ready  been used to t ransmi t  a video picture .  

The incoherent emission of a Ga As diode pumped below 

b - Gas L a s e r  

The gas  l a s e r  becomes more  involved than the semiconductor laser to 
pump modulate. 
tion is a l s o  possible,  and i s  generally excited by an r-f source ,  although, 
again, d -c  tubes a r e  under development. 

The gas  l a s e r  generally operates  CW,  although pulsed opera-  

The r-f pumping frequency becomes a kind of s u b c a r r i e r  frequency 
which m u s t  be amplitude modulated and imposes  an  upper frequency limitation 
on the modulating signal. 

Several  mechanisms are responsible f o r  the population inversion in the 

The diffusion t ime fo r  the g a s  a toms se t s  a second and m o r e  stringent 
gas  l a s e r ,  one of which is a collision between an  excited He atom and the Ne 
atom. 
upper frequency limitation on the modulation ra tes .  
p re sen t s  a n  inherent limitation to video frequencies::. 

This plus other effects 

Although o ther  effects may overshadow i t ,  the bandwidth of the optical 
cavity will a l s o  present  a frequency limitation on the modulation. 
power bandwidth of a typical gas  l a se r  with a 1 m e t e r  cavity m a y  easi ly  be 1 m c  
o r  less.  
frequency mus t  be half, o r  l e s s ,  of the cavity bandwidth. F r o m  (2) the maximum 
modulating frequency, F can be writ ten 

The h a l f  

If both sidebands are  to be kept within this frequency, the modulating 

max' 

( ~ - R ) c  

C = * *  2rcnL R 
P 

For  nL = 100 cm and R 

c - Solid State L a s e r  

= 0.99, the maximum modulating frequency i s  0.25 m c .  
P 

The solid state l a s e r ,  such as  the ruby, generally operate  in a pulsed mode. 
However, continuous operation is possible i f  the excess  heating power can be 
dissipated.  
information t ransmiss ion  r a t e  is approximately equal to 

Theoret ical  considerations lead to the conclusion that the maximum 

::<P. S. P e r s h a n  and H. Bloemberger,  "Microwave Modulation of Light, I '  

Advances in Quantum Electronics,  Columbia University P r e s s ,  1961, p. 187-199. 
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or if amplitude modulation i s  disregarded 

R A f  
C 

F o r  a 10 cm cavity a t h  =: 1p,  270 l o s s ,  

f = 1 0 m c  
C 

# 

However, ,solid state l a s e r s  have only been pulsed a t  r a t e s  of a t  mos t ,  a few 
pulses  p e r  minute. 
t ransfer .  
excite the l a se r  c rys ta l .  
f lash lamp excites the l a s e r  to just  below threshold and a supplementing exci-  
tation causes  laser ing,  pulse repetition r a t e s  of the 1 kc have been maintained 
for  the duration of the flash lamp output ( 
the pulses  cannot be maintained continuously. 
tion to be transmitted,  which does not a r r i v e  in pulses ,  mus t  be s tored between 
t ransmiss ion  bursts .  If we consider  a 1 megabi t /sec signal r a t e ,  a pulse repe-  
tition frequency of l / s e c  and a duty cycle of l m sec ,  then each pulse m u s t  
contain 1 million bits of information which must  be read  onto the pulse in 1 m s e c  
This requi res  a s tor  age buffer of 1 megabit  capacity and a readout speed of 
1000 megabi ts /sec.  This i s  far beyond p resen t  capabilities. 

Obviously this i s  much too slow to be useful in information 
Most of the time i s  absorbed in changing the f lash  lamp used  to 

With "hair- t r igger"  operation in which the main  

1 sec.  ). Even a t  this frequency, 
This requi res  that the informa- 

The main attr ibute of the pulsed ruby laser,  i s  the i r  large instantaneous 
power output, which may be in the hundreds of kilowatts. 
a few milliwatts fo r  the c-w g a s  l a s e r  or a few hundred mill iwatts fo r  the 
pulsed g a s  l a se r .  

This is compared to 

1.1. 3 P r e s s u r e  Modulation 

This technique involves the establ ishment  of standing wave pa t te rns  
in some t ransparent  c rys t a l s ,  such as  g l a s s  o r  quar tz .  
effects,  the alternate tension and compress ion  a r e a s  between modes change the 
polarization of the light traveling through it. If this plate is used  in conjunction 
with polarized analyzer plates ,  this rotation shows up a s  amplitude modulation 
of the light beam. 
output, causing doubling of the modulating frequency. This frequency is used 
a s  a subca r r i e r ,  on which information i s  impressed ,  and m a y  be e i ther  ampl i -  
tude or frequency modulated. Frequency bandwidth is l imited to about 100 kc 
in a 6 inch block. 

Due to photoelastic 

Both tension and compress ion  areas will produce a light 

The advantage of this method i s  that relatively cheap g l a s s  or quartz  

3 
may be used as  the modulator,  requiring only 0. 5 wat t / in3 f o r  g lass  and 0.01 
wat t / in  fo r  quartz .  Such modulators have been built by Decker Aviation CO. 
using c a r r i e r  frequencies up to 10 mc .  
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1 .2  POLARIZATION MODULATION 

Polar izat ion modulation may be obtained by using the Pockels  effect 
in section 1.1.1. 
Figure 1-1 is elliptically polarized. 
t ransmit ted power is lost since only one component of the ell iptical  po lar -  
ization is used. 
as  it emerges  f rom the Pockels crystal .  
could distinguish between the elliptical polarization components would then 
be necessa ry .  A Wollaston Prism is 
composed of two p r i s m s .  
p r i s m  and t rave ls  perpendicular to its optic ax is  until it s t r ikes  the second 
p r i s m  where double refraction takes place.  
polarized a t  90° with respect  to one another and thus provide the two compon- 
ents of the elliptical polarization when properly oriented. 

The light beam emerging f r o m  the Pockels  c rys ta l  in 
By inserting a n  analyzer  50% of the 

This l o s s  m a y  be eliminated by transmitt ing the light beam 
At the recetving end a device which 

Such a device is a Wollaston Prism. 
Light enters normal  to the surface of the first 

The two emerging beams a r e  

Polar izat ion modulation has seve ra l  advantages over  intensity modulation. 
Besides  transmitt ing twice as  much power there  is a significant improvement 
in S/N at the rece iver  in the presence of background noise.  

All  of the other propert ies  pertaining to the Pockels  cel l  mentioned in 
section 1.1.1, a r e  t rue a l so  in the case  of polarization modulation. 

1 .3  FREQUENCY & PHASE MODULATION 

1. 3.1 Elec t ro-opt ica l  Effect 

Again the electro-optical  effect discussed in section 1.1.1 m a y  be used 

The 
f o r  e i ther  frequency o r  phase modulation of light. 
shortcomings of the Pockels  cell  described above a r e  still the case .  
pr inciples  f o r  frequency modulation and phase modulation will be descr ibed 
below using the Pockels effect. 
tion will be descr ibed in section 4. 

The basic l imitations and 

Methods f o r  detecting these types of modula- 

a - Frequency Modulation 

It can be shown that when a Pockels  c rys ta l  is subjected to a rotating 
e lec t r ica l  field c i rcular ly  polarized light propagating through the c r y s t a l  will 
experience a shift in frequency equal to that of the rotating e lec t r ic  field*. 

CC. F. Buhrer  e t  al. "Optical Frequency Shifting by Electro-opt ic  Effect, I '  

Applied Phys.  Le t t e r s ,  Vol. 1, N. 2,  P. 46. 
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Consider a left-hand c i rcu lar ly  polarized beam (c i rcu lar  polarization 
is obtained by having light t ravel  through a polar izer  and qua r t e r  wave plate 
such that the plane of polarization is  a t  2 45 
wave plate;  the sense of the rotation i s  determined by the sign of the 45' angle).  
The e lec t r ic  vector of the incident light i s  

0 with the axes  of the quar te r  

J (1) A = A sin cut 
Y 

A = A COS a t  
X 

where x and y a r e  the coordinate axes  of the crystal .  The light is assumed to 
be traveling along the Z ,  or optic, axis. On application of a left hand rotating 
e lec t r ic  voltage in the plane perpendicular to the z ax is ,  with components 

vx = vm cos V = Vm sin (1) t Y m 

the light emerging f r o m  the c rys t a l  will take on the f o r m  

6 A = A  cos - cos cut - A  sin S s in  [( w +  m m ) t  t $1 
+ m m ) t  t $ j  

X 2 2 

6 6 
Y 2 2 

( 3 )  
A = A  cos - sin cut - A s i n -  cos  

whe r e  

(4) 

is the retardation and $ is a fixed angle independent of the field. 

t e r m s  in A and A 

original frequency with an  amplitude A cos - . The second t e r m s  in A and 

A 

with amplitude A sin - If 6 can be made  qual  to x , all of the light is t r ans -  

mitted with a right polarization shifted to the frequency Otherwise it 

would be necessary to use a right hand polar izer  at the output or receiving end, 

and thus introduce losses  into the system. 

tion of e i ther  polarization rotation (light beam or e lec t r ic  field) were reversed ,  

the frequency 0 -  cu would be obtained. m 

The f i r s t  

correspond to a lef t -c i rcular ly  polarized vibration at the 
Y F x 

2 X 

correspond to a right-circularly polarized vibration a t  the frequency c u t  c u m  
6 
2 '  

Y 

cu + c u m .  

It should be noted that if the d i rec-  

Consider now that the left hand polarization has  been eliminated and the 
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rotating voltage is frequency modulated, i. e.  

(0 (t) = umt t M sin  U) t m f 

substitu-ing in ( 3 )  

A = B sin ( o ' t  t M sin  toft) 
X 

A = B COS ( ~ ' t  t M s in  m f t )  
Y 

(5) 

1 
and can be a s sumed  to be zero.  m CUf W = c u  6 where B = - A s i n -  2' 

Going through the conventional Bessel  function expansion used to study the 

frequency spectrum of an  FM wave (5) m a y  be expressed  as 

i 
A = J o ( ~ )  B sin d t t s in  (w' t CO,) t - s in  (cu' - uf) t 1 

1 
X 

t J~ (M) B / s in  (w' + 2 W f )  t t s in  ( ( 0 1 - 2 0 ~ )  t t .- - - - 
c 

1 A = Jo (M) B COS w 1  t t . I l  (M) B COS ( ~ 0 l - w ~ )  t -cos  ( & I  t w f )  t 
Y ! _I 

cos (cot + 2 W f )  t COS (w' - 2 ~ ~ )  t - t - - - ! 
The bandwidth of the modulator therefore depends on the magnitude 

of the different order  Besse l  function coefficients of the sidebands which in 
turn  a r e  a function of their  argument M. 
bandwidth will be dependent on the type of l a s e r  used and its longitudinal mode 
of operation. Since all of the possible frequency components of the l a s e r  beam 
will  be equally modulated there  is  the possibility of interference be tween ove r -  
lapping s ide bands. 

b - Phase  Modulation 

The maximum allowable modulator 

A similar method of obtaining phase modulation of a l a s e r  beam using 
the electro-optical  effect will now be descr ibed.  
phase modulation on the light by modulating the velocity of propagation through 
the electro-optic mater ia l .  
d i rect ion of the x c rys t a l  ax is  and traveling along i ts  y ax is  with an e lec t r ic  
field applied a c r o s s  the z ax is  the phase retardation will  be::: 

This  modulator i m p r e s s e s  

It c a n  be shown that if light is plane polarized in the 

+ C. J .  P e t e r ,  "Gigacycle Bandwidth Coherein Light Traveling Wave Phase  
Modulator ' I  

-13- 



where the parameters  a r e  as defined in Section 1.1.1. 

The phase retardation 6 is seen to be direct ly  proportional to the applied 
voltage. 
ization along the x axis of the crystal .  
bandwidth limitation similar to those descr ibed f o r  frequency modulation. 
incoming electric light vector  is of the f o r m  

The light traveling through the c rys t a l  will  maintain i ts  plane polar-  
The phase modulated light will introduce 

If the 

A = A s in  c u t  
X 

the energy beam will be 

A = A s in  ( cut t 6 )  = A sin ( c u t  t N s i n w f  t) 
X 

where in th is  case the modulating voltage is 

t 
f V = Vm sin cu 

and s r 4  N = -  n r V m  x ( 9 )  

when expanded into a bes se l  function s e r i e s  (8) becomes 

A = J o  (N)  A s i n w t  t < I l  (N)  A [sin ( u t  wf ) t  - sin ( cO-cuf) t ]  x 

In the case  studied above of frequency modulation the modulating electr ic  field 
had to be frequency modulated. 
amplitude modulated. The magnitude of N will in m o s t  c a s e s  be l e s s  than one. 
A typical Pockels c rys t a l  such as  KDP f o r  instance has  a n  electro-optical  

coefficient y = 11 x 10 

a light wavelength h = 

F o r  phase modulation the applied field must  be 

-7 c m  - and an index of refract ion n = 1.468; thus a t  
K V  

0. 5 microns  the required modulating voltage is f rom (9) 

= 3.1 (N)  KV - N X  - - 0 . 5  N 
4 v -  m 

r[ r14 y 1.468 11 
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More than 3 Kv a r e  necessa ry  to make N = 1 i n  this case.  
function coefficients a r e  negligible beyond the first o r d e r  and therefore  second 
harmonic sideband interference between the different l a s e r  longitudinal modes 
is very  smal l .  

negligible distortion resul ts  for modulating frequency w < 2 A F  is 

the frequency separat ion between longitudinal l a s e r  mode. 

F o r  the Besse l  

Thus fo r  multimode l a s e r  operation it m a y  be concluded that 

where f 

This  resu l t  should be contrasted with the bandwidth l imitations of 
In equation 6 the argument  of the Besse l  functions is M, 

If M is 
frequency modulation. 
the frequency deviation ratio of the frequency modulated e lec t r ic  field. 
much l a rge r  than 1 bandwidth is considerably res t r ic ted  as  compared to phase 
modulation. In any event, in both phase and frequency light modulation the l a s e r  
beam mus t  be maintained fair ly  stable, a difficult problem with m o s t  types of 
l a s e r s .  

1. 3. 2 Zeeman Effect 

no rma l  l a s e r  transit ion line into two transit ion l ines ,  separa ted  f r o m  the normal  
b y plus o r  minus a frequency which is proportional to the magnetic field strength,  
and c i rcu lar ly  polarized in opposite directions.  This effect, which has been 
t rea ted  as a laboratory curiosity,  might be used to modulate a l a s e r  beam in 
e i ther  polarization angle,  frequency o r  amplitude. The Zeeman effect would 
be equally applicable to any type of l a s e r ,  but for  simplicity, the He Ne l a s e r ,  
1 m e t e r  long, with plane paral le l  m i r r o r s  will be considered. 

The application of a magnetic field, H, resu l t s  in the splitting of the 

When the l a s e r  is weakly exciiczrl, t k t  eii?y ~ I ' , C  l ~ z g i t ~ ~ d i ~ z !  mr~lr le  i s  

excited, and in the presence of a static longitudinal magnetic field,  its emission 
is a doublet of right and left c i rcular  polarization. The doublet may  belong to 
adjacent cavity modes ( -150 m c  apar t )  o r  to the same mode. 
of the doublet resul ts  in a linearly polar ized wave oscillating at the average  of 
the doublet f requencies  and with its plane of polarization rotating at half the 
difference frequency. 
amplitude modulated at the difference frequency, r ega rd le s s  of t he  orientation 
of the polarizing plate. 

The superposit ion 

When viewed through a l inear  po lar izer ,  the wave a p p e a r s  

Since the difference frequency is l inearly dependent on the magnetic 
field, the output wave is of the form 

e = E sin o,t 

where w = KH, K = constant, H the magnetic field. 

If the field, H, is modulated around zero  the output is amplitude modulated at 
twice the modulating frequency due to the z e r o  H field. 
bias field is applied and the H field modulated as sin cum t: 

C 

However, if a d-c 
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cu t  
C 

cuot - Acu s in  c u t  m 

e = E sin ( m o t  - m sin w t) m 

which is the equation f o r  a frequency modulated wave. However, the c a r r i e r ,  
is not the optical frequency, but is determined by the applied d:c field. cu 0' 

The maximum frequency deviation is limited by the bandwidth of the 
optical cavity which can be as  low as  0.  5 mc .  
frequency of rotation of the plane of polarization 

In a typical He Ne l a s e r ,  the 

- 
- 6oo  Cps/oersted C 

6UN = h - l  gB A f  

fNe 

where h = Planck's constant, g = splitting factor ,  B = Bohr magneton, 
A f 

t ransit ion line respectively, 600 cps i s  about the minimum frequency shift. 

and A f N e  a re  the half power widths of the l a s e r  cavity and of the Ne 
C 

The Zeeman effect may  thus be used to direct ly  frequency modulate 
the l a s e r  beam if a c i rcu lar  polarization detector,  such as  a T u a r t e r  wave 
plate and l inear polar izer ,  i s  used to detect the individual frequency compon- 
ents  of the Zeeman doublet. 
optical frequencies o r  super  heterodyne techniques m u s t  be used to convert  
to an  I F  frequency. 

Frequency detection then m u s t  take place at 

If the laser  is strongly enough excited so that m o r e  than one longi- 
tudinal mode can bui ld  up a t  one t ime, amplitude modulation m a y  be detected 
without a polarizer plate. The l a s e r  will than operate in as many as 3 modes 
at  once. 
c ies ,  which, when superimposed, produce an amplitude modulated wave. The 

modulation will be A f  = 2 ~ ,  the spacing of resonant f requencies  in the 

optical cavity. F o r  a 1 m e t e r  cavity, A f  = 150mc. 

These modes contain c i rcu lar ly  polarized waves at different frequen- 

C 

1. 3. 3 Magnetostrictive 

When a Ferromagnet ic  ma te r i a l  is placed in a magnetic field,  its length 
changes in relation to i ts  magnetostriction constant. 
e i ther  positive or negative, that is the ma te r i a l  may  ei ther  expand o r  contract  
in the presence of a magnetic field. 
were  constructed of a ferromagnet ic  mater ia l ,  the magnetostrictive effect  
could be used to control the spacing and alignment of the m i r r o r s .  
thods have been suggested fo r  accomplishing this.  :+ 

This constant may  be 

If the cavity containing the end m i r r o r s  

Various m e -  

'+ W. R. Bennet, e t .  al, "Magnetostrictively Tuned Optical Mase r ,  I '  Rev. Sci. 
Instr .  33:601-5, June, 1962. 
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F o r  any resonant cavity, the resonant frequency m a y  be represented  
by: 

f = -  M c  
2L 

Where C is the speed of light, M is a n  integer and L is the reflector separat ion.  
F o r  a given change in cavity length, 
A f ,  is 

AL, the change in resonant frequency, 

- M1 ATJ A f = f1-f2 - - - 
2L1 

o r  

The ch n 

A f  = f l  

e i n f r e q u e  

i' AL 
i- 
\ L1 I 
zy is directly prop rtioned to the change in cavity length. 

The normal  l a s e r  excitation within the cavity is much broader  than 

In the plane-parallel  Fab ry -Pe ro t  cavity, one m e t e r  
the cavity bandwidth. 
to oscil late at once. 
long, these longitudinal modes a r e  separated by 

Therefore  it is possible for  m o r e  than one frequency 

- 1 5 0 m c  C f =2r- 
Evidently then, if this l a s e r  is to be frequency modulated, the frequency 
deviation must  be l e s s  than 150 mc, in o r d e r  to be able  to suppress  these 
unwanted components. On the other hand, t he rma l  and mechanical  effects 
in the m i r r o r  supports  produce "noise" of the o r d e r  of 100 kc so the frequency 
deviation mus t  be g rea t c r  than this to give good signal to noise ratio.  F o r  the 
s a m e  cavity and frequency considered above, the length change f o r  a frequency 
deviation of 1 m c / s e c  is: 

- 1 AL A f  - lo6  - L = f i -  3 x lo1 3 x lo8 4 

This  much change is easi ly  achievable in many magnetostr ic t ive ma te r i a l s .  

The magnetostr ic t ive effect va r i e s  with the ma te r i a l ,  positive in some 

The sign of the 
and negative in others .  Some mater ia l s  exhibit negative coefficients over  a 
portion of their  range and a positive coefficient over  the rest .  
coefficient is the same  for either sense of magnetization, so that a DC bias 
cu r ren t  would have to be used to eliminate large non-linear distortion. 
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Consider i ron a s  a magnetostrictive mater ia l .  1-3. 
If this were the magnetostrictive ma te r i a l  used to move the m i r r o r s ,  and if a 
DC field of strength Ho were  applied, there  would be no change of cavity length 
in the absence of a modulating signal. 
cavity length to be changed proportional to the applied field. 
gives a negative coefficient centered on ze ro  change of length. 
exhibit a positive coefficient in this region and o thers  s t a r t  at ze ro  but do not 
r e c r o s s  the axis. 
bearing in mind that its susceptibility to mechanical and thermal  variation 
will a l so  affect the steady s ta te  frequency stability. 
input required,  distortion due to nonlinearity in the magnetostriction coefficient 
will be ve ry  low. 

It's curve appears  in Fig. 

An applied signal would cause the 
This m a t e r i a l  

Other ma te r i a l s  

The ma te r i a l  should be chosen fo r  the par t icular  application, 

F o r  the small signal 

Magnetostrictive elements  have been used a s  osci l la tor  tuning elements ,  
at frequencies generally below 70 kc. 
frequencies up to 4 m c .  
the rods must  move will great ly  effect their  frequency response and frequencies  
in excess  of 1 mc seem unlikely. 
field would greatly affect the noise on the l a s e r  beam, and m i r r o r  alignment 
mus t  be maintained, while the beam i s  being modulated, to an  accuracy of 
bet ter  than 6" or a r c .  
and reduce low frequency noise on the l a s e r  beam. 

They a r e  a l s o  used in delay l ines at 
However, the weight of the m i r r o r  assembly  which 

Fur thermore ,  the stability of the biasing 

Feedback methods might be used to stabilize the cavity 

Magnetostrictive techniques can a l so  be used to amplitude modulate the 
l a s e r  by changing thealignment of the cavity m i r r o r s .  This ,  however, encoun- 
t e r s  the same internal frequency limitations which l imit  pump power modulation. 
F o r  maximum modulation, m i r r o r  misalignment of about 6" of a r c  is necessa ry  
- -  this is easily attainable. 

1.4 COMPARISON O F  MODULATION METHODS 

Table 1-11 shows a comparison of advantages and disadvantages between 
some of the different modulation methods discussed in this  section. On the 
bas i s  of this table it would appear  that polarization modulation offers the most  
promising possibilities for solid s ta te  and gas l a s e r s  and pump power 
modulation fo r  semiconductor l a se r s .  
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TABLE 1-11 COMPARISON OF MODULATION METHODS 

Intensity using 
Pockels Effect 

Intensity using 
Pump Power  

P o  la r iza t ion 

Frequency using 
Pockels  Cell 

Phase  using 
Pockels Cell 

Advantages 

1. Low distortion for  la rge  
modulation index ( 170 for  
10070 modulation). 
2. Potential high modula- 
tion frequency ( 10 gc).  
3 .  Transmission attenuation 
is  low in c rys ta l  

Disadvantages 

1. Requires relatively high power 
(600  v, 0. 5 amps )  a t  video frequencies 
2. Beam m u s t  be well collimated 
to avoid light leaks.  
3 .  Crystals  a r e  temperature  sens i -  
tive and easi ly  damaged. 
4. Spectral  t ransmission for  mos t  
c rys ta l s  i s  l imited to 1.1 microns .  
5. Reflection loss  may  be high if  
c rys t a l  is  not optically matched. 
6. Transmission lo s s  of 5070 due 
to polar izer  

I 
8 
8 
1 
I 
8 
1 1. For  semiconductor l a s e r s  1. Charac te r i s t ics  vary  widely accord-  

video bandwidths a r e  possible.  ing to type of l a s e r  use-d. 
2 .  Method is simple and 2.  Only suitable fo r  sub-video band- 
straightforward. width in gas  l a se r .  
3 .  Modulation power requi re -  3 .  
ments a r e  of same o rde r  of 
magnitude as pump power. 

Not suitable fo'r solid state l a s e r s .  

1. Same considerations a s  1. Similar consideration a s  Pockels 
Pockels effect intensity 
modulation. 
2 .  
transmitted compared to 
Pockels effect intensity 
modulation. 
3 .  Improvement in S/N in 
the presence of background 
noise over intensity modu- 
lation. 

Twice as  much power is 

1. No t ransmission loss  in 
system if  applied frequency 
modulation voltage i s  equal 
to half wave retardation 
voltage. 
2.  Improved S / N  over  inten- 
sity modulation. 
3 .  Large bandwidth capa- 
bility (Gc). 

1. Difficult to detect. 
2.  Bandwidth l imited by longitudinal 
l a s e r  mode s. Limits  modulation index 
3 .  Would require  long lengths of 
c rys t a l  f o r  low modulation power. 
4. Requires c i rcu lar ly  polarized 
frequency modulated field. 
5. Requires stable l a s e r  frequency. 

1. No t ransmission loss in 1. Difficult to detect. 
2.  Improved S / N  over inten- 2 .  Bandwidth l imited by longitudinal 
si ty modulation. l a s e r  modes.  Modulation index can be 
3 .  Large bandwidth capa- l a rge r  than frequency modulation. 
bility (Gc). 3 .  Requires long lengths of c rys t a l  
4. Requires l inearly polar-  for low modulation power. 
ized amplitude mod. field. 
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2.0  MODULATOR COMPONENT EVALUATION 

2.1 POCKELS CELLS 

As described in Section 1, the electro-optical  propert ies  of 
cer ta in  mater ia l s  can be applied to obtain intensity, polarization, frequency 
and phase modulation of light. Crystals  devoid of a center  of symmetry  
can show a l inear electro-optic effect, 
two c l a s ses :  the c lass  43m of the cubic system and the c l a s s  42m of the 
tetragonal system. 
sulfide, copper chloride and copper bromide, In the la t te r  c l a s s  a r e  the 
dihydrogen phosphates. Table 2-1 shows the electro-optic proper t ies  of 
the m o s t  important c rys ta l s  of both c lasses .  
half-wave retardation has been calculated for both intensity and phase 
modulation a s  described in Sections 1. 1. 1 and 1. 3. 1. 
(deuterated potassium dihydrogen phosphate) offers  the lowest voltage 
for both applications. 
modulator. 
the dihydrogen phosphate, its index of refract ion is much g rea t e r ,  a fact  
that becomes more  significant when ra i sed  to the third and fourth powers as 
is  the case  in the applications studied. Fu r the rmore ,  as pointed out  ea r l i e r  
cubic c rys ta l s  like sphalerite can be used with much l a r g e r  aper tures .  
Unfortunately, to date ZnS c rys ta l s  a r e  difficult to obtain. Thus for l a s e r  
beams in the 0. 5 - 1. 2 micron spectrum the best  choice of Pockels effect 
modulator seems to be KD2P04. It is, however, by no means cer ta in  that 
there  a r e  not other mater ia l s ,  not yet developed, which might offer better 
proper t ies  for l igh t  modulation. 

This is obtained f rom crys ta l s  of 

Representatives of the fo rmer  c l a s s  a r e  cubic zinc 

The voltage required for 

I t  i s  noted that KD2P04 

Sphalerite (ZnS) also has  good possibil i t ies a s  a 
Although its electro-optical coefficient is low as compared to 

2. 1.1 Pockels  Effect Modulation Up To Video Frequency 

At low frequencies most Pockels  effect c rys t a l s  display relatively 
strong piezoelectric effects, 
phase retardation. 
is lost. 

The piezoelectric s t r a ins  cause additional 
Above the piezoelectric resonant frequencv this effect 

The resonant frequency i s  given approximately by the expression 

48 
d f z -  kc  

where d is the c rys ta l ' s  square edge dimensions in inches.  The change in 
optical  re tardat ion before and after resonance is most  pronounced in  ADP. 
In KDP having a lower piezoelectric coupling coefficient the effect is much 
smal le r .  A one jnch square KDP crystal  light modulator, for instance,  will 
be resonant  at 48 kc showing approximately a 10 percent  change in response 
before and after resonance. 
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Since relatively large voltages a r e  required to induce a 
significant optical re tardat ion the upper frequency l imit  in the sub-microwave 
region is usually se t  by heating of the Pockels cel l  e lectrodes due to high 
r. f .  cur ren ts .  To make an approximate est imate  of the cu r ren t s  involved, 
the Pockels  cell may be considered a pure capacitance ( the loss tangent is 
<O.  0 5  percent).  
frequency and C the capacitance, the R F  cur ren t ,  I, that the electrodes a r e  
required to withstand i s  

If V is  the maximum applied voltage, wm the modulation 

I = G ,  c v  m 

The types of electrodes used m a y  be either simple copper plates with holes 
to allow passage of light to gold gr ids  o r  r ings designed to minimize fringing 
of the electr ic  field. The maximum cur ren t  through the electrodes should 
be kept smal le r  than 0. 5 amps. 
maximum electrode voltage in kilowatts and f the frequency in megacycles 
( 2) be co me s 

If C is the capacitance in pfds. , V the --- ---- , 

80 v a -- Cf ( 3 )  

2 F o r  a 4 cm KD2 P O 4  c rys t a l  d cm thick the capacitance is 

15. 9 c = -  d pf 

substituting in ( 3 )  

( 4) 
5d v = -  f 

Equation (4) is plotted in Figure 2-1. 
modulation a r e  then possible since in the case  of KD2 PO4 half wave 
retardation is obtained with 3. 4 kv. 
by stacking a ser ies  of Pockels c rys ta l s  mounted electr ical ly  in para l le l  
and oriented in such a manner that their  x - y c rys t a l  axes  a t  90° with respec t  
to one another. When two such crys ta l s  a r e  mounted a s  shown in  Figure 2-2 
only half of the voltage is necessary  to produce the s a m e  effect in one crystal .  
The modulation voltage is reduced by a factor equal to the number of stacked 
crys ta l s  used. The overal l  capacitance of the sys tem is of course  increased 
by this factor.  However, the required input c u r r e n t  remains  constant. 

Video frequencies with 100 percent  

The Pockels  effect may be enhanced 

The fringing of the electr ic  field between the electrodes provides a 
field in the transparent region. This introduces non-uniform phase retardat ions 
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Figure  2- 1. Maximum Electrode Voltage at Different 
Frequencies  of A and KD2P04 Pockels  Effect C r y s -  
t a l  of 4cm2 Crossectional Area  and d -cms  Thick 

When the Electrode Curren t  is Limited to 
0 . 5  amps .  

A 

GENERATOR 

Figure  2-2.  Two-Stage Pockels  Effect Light Modulator 
Maximum Electrode V. a t  Different Frequencies  of 

a K H 2 P 0 4  Crys ta l  of a 4cm2 when the Power  
Dissipation is Limited to 0.  5 Watts 
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over the aperture  and resu l t s  in a higher voltage than that theoretically 
calculated to obtain a given response.  
i f  the modulator contrast  ratio is not especially sensit ive to the specific 
r e  ta r  dation. 

These effects wi l l  not be intollerable 

The power dissipated in the c rys t a l  itself due to the loss  tangent, 
o r  dissipation factor, can be theoretically calculated. I t  is 

2 A 2  pP % c v  = cum E "  E - v 
o d  

where the parameters  a r e  the same as defined above and E "  is the react ive 
complex relative permittivity. 
V = 1 kv, um = 2 f i x  10 

For  a KH2 PO4 c rys t a l  if A = 4cm2, d = l cm,  
7 cps, E" = 0.01 and c 0  I 8. 85 x fd / cm 

7 P = 2fi x 10 x x 8. 85 x x 4 x l o 6  = 0. 2 2 2  watts 

a power dissipation which probably can  be handled by the crystal .  However, 
power being proportional to the square of voltage an increase  in voltage may 
rapidly su rpass  the power l imit  of the modulator. Equation (5) is plotted in 
Figure 2-3 for several  c rys ta l  thickness. 
the maximum power that a c rys ta l  of the s izes  being considered can  dissipate. 
It i s  shown that a t  high frequencies 100 percent  modulation will not be possible. 

It is  assumed t h a t .  5 watts i s  

Perhaps the main limitation toward pract ical  use  of a Pockels  
effect modulator a t  video frequencies is the power supply. 
following minimum requirements:  

It should have the 

Voltage: 1000 volts 
Current :  0.1 amps  
Frequency Response: F la t  to 2 mc. 

Such video power amplif iers  have been developed for TV t r ansmi t t e r s .  
The amplifier size i s  approximately 10" x 20" x 6" and would weigh 2 to 3 
lbs. It requires  a conventional 1000 and 300 volt DC power supply. 

One possible Pockels cel l  intensity modulator suitable for video 
modulation could take the following form. 
modulation with less  than 1 kv an arrangement  s imi la r  to F igure  2-2 would 
be used. 
biasing quar te r  wave plate a theoretical  peak voltage af only 0. 54 kv would 
be required to obtain 100 percent  modulation. 
a t  a maximum modulation frequency of 5 m c  the electrode cu r ren t  and power 
dissipation would be kept well below the l imit  as shown in F igures  2-1 and 2-3. 
The unit could be mounted within a bath of minera l  o i l  in a quartz  container 
which would facilit3te cooling and reduce reflection losses .  
s ize  would be about  2. 5 x 2. 5 x 10 cm and would weigh about 2/5 pounds. 

To obtain 100 percent  intensity 

If three such KDZ PO4 c rys t a l s  were mounted using an optically 

Using 2 cm cube c rys t a l s  

The light modulator 
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2. 2 MICROWAVE LIGHT MODULATION 

Light can be modulated a t  microwave frequencies by using the 
electro-optical  effect. Two general  approaches may be taken to do this. 
One consis ts  in  building a high-Q s t ruc ture  which.would apply la rge  field 
strength dcross  the c rys t a l  with relatively low power inputs. 
r e  -entrant type capacitively loaded coaxial-line resonator  has  been 
used to build such a modulator a t  gc frequencies and few watts input. 
high Q requirements of such a modulator make the device inherently nar row 
band. A second approach consists of making a traveling e lec t r ic  field 
interact  with light propagating through the electro-optical  medium. 
velocity of the microwave traveling electr ic  field could be synchronized with 
that of the light beam the Pockels effect would be enhanced result ing in  the 
possibility of wide-band light modulation and economical use of microwave 
power. 

A high Q 

The 

If the 

Both approaches will be studied below. 

2. 2. 1 Resonant Cavity Modulator 

A c ross  section of a cavity resonator  is  shown in Figure 2. 4. 
I t s  resonant frequency can  be determined with reasonable accuracy by 
setting the susceptance of the capacitance formed by the c rys t a l  equal to 
the inductive reactance of the coaxial t ransmiss ion  line formed by the outer 
and center conductors. Due to the necessity of boring a hole through the 
center  of the cavity to p a s s  a collimated light beam through, design equations 
available for  the conventional r e  -entrant cavity can  only approximate the 
actual character is t ic  of the par t icular  physical configuration employed. The 
cavity's resonant wavelength, shunt impedance and unloaded Q have been 
derived ( 9 6 ) .  

paralleling the shunt res i s tance  with the dielectr ic  res i s tance  of the c rys t a l  
R c  where 

The R F  los ses  in the c rys ta l  mus t  be taken into account by 

tan 6 being the loss tangent. The power dissipated in the c rys ta l  is 

p = wmCV 2 t a n 6  = corn - A v2 T 

A cavity resonant a t  1150 mc  having a Q = 1300 and tunable between f. 15mc 
(using a tuning screw) has been designed. Dimensions a r e  shown in F igure  2-4. 
The electro-optical c rys t a l  used i s  KDP.  F igure  2-5 shows a plot of power 
input to the cavity and dissipated by the c rys t a l  a s  a function of percent  
intensity modulation. 
modulation. 

The high Q of the cavity does not allow broadband 
F o r  the par t icular  cavity designed above the bandwidth is 

( :q "Microwave Transmission Design Data", T. Moreno, Dover Publications 
Inc. ,  New York, N. Y . ,  1948, p 227-240. 
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An increase  in bandwidth can be obtained by lowering the Q of the cavity. 
By so doing, however, a larger power input is required.  

3 The size of the cavity is approximately 30 in. 
l e s s  than 5 lbs. 
supply and temperature  control devices would weigh about 100 lbs. 

with a weight of 
Equipment to produce 10 watts at 1000 m c  including power 

2. 2 .2  Traveling Wave Modulator 

Wideband light modulation can be afforded by traveling wave 
interaction in the electro-optic crystal .  The Pockels  effect is enhanced by 
making the polarized light beam travel  in synchronization with the forward 
and backward components of the microwave modulative field, in successive 
pas ses  through the crystal .  In a KDP crys ta l  the speed of light is normally 
three  t imes  that of microwaves.  To synchronize the speed, a lightly loaded 
cylindrical  cavity containing a Pockels c rys ta l  rod of small diameter  and 
excited in the TMOl3 mode m a y  be used. However, the fac t  that mos t  of the 
microwave energy is dissipated in the cavity and therefore  most  of the s tored 
field is located outside the rod make this s t ruc ture  quite inefficient. 
shows a traveling wave modulator of this type. The length of the rod is an  
integral  number of half  wavelengths. 
electro-optical  interaction. When the velocit ies a r e  matched, the forward 
wave provides a constant e lectr ic  field at a given point along the light wave 
t ra in ,  while in the backward wave the phase retardation cancels out. 

Using a KDP crys ta l  rod 0.4 cm' by 3.4 c m s  long a bandwidth of 
5 m c  centered at 2700 m c  was obtained. * Figure 2-7 shows the microwave 
power needed as  a function of percent intensity modulation. 
input power over 40 percent  intensity modulation can  be achieved. 
the modulator would not exceed 5 lbs.  
associated equipment including power supplies to produce 10 watts at 2700 m c  
would run above 200 lbs .  

Figure 2-6 

The longer the length the s t ronger  the 

With 10 watts 
The weight of 

However, es t imated weight of 

The efficiency of the traveling wave modulator described can be 
improved if the TEM wave would have mos t  of the e lec t r ic  field in the electro-  
optical c rys ta l .  
essentially dispers ionless ,  a necessary requisite f o r  a wideband light modulator. 

In such a case the microwave s t ructure  could be made 

It can be shown ** that the conditions f o r  synchronization can be 
satisfied when the modulating field is  propagated as a TEM wave along a 
plane-parallel  guide. 
to the paral le l  planes. 

The optical z-axis of the c rys ta l  is oriented perpendicular 
A traveling wave phase modulator can be built using 

(::) "Wide Band Microwave Light Modulator", W .  W .  Rigrod and I. P. Kaminow, 

(::*) A. G. Siegman, Applied Physics Let te rs ,  November 1962. 

P r o c .  I. E. E:E., January 1963, p 137. 
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the pr inciples  studied in Section 1.3. 1. 
modulator is shown in Figure 2.8. 
following relationships (*) 

The c r o s s  sectional view of a phase 
The pa rame te r s  a r e  calculated f rom the 

and 

[a( a - w t E l m ) ]  1 /2 
b = Zo 120 T 

where 

E = the relative dielectric constant of the c rys t a l  1 

n = the index of refraction 

Z = the characterist ic impedance of the t ransmission line 
0 

The length of the c rys ta l ,  Q ,  is directly proportional to the phase retardation, 
g . A s  was noted in Section 1.3.  1 the relationshis is  as follows 

Also, it m a y  be observed that the longer the c rys t a l  the sma l l e r  the field 
s t rength required fo r  a given phase retardation. 

Figure 2-9 shows a plot of length of c rys ta l s  required as  a function 
of e lec t r ic  field a c r o s s  the t ransmission line planes f o r  var ious modulation 
indices.  
the power required to support these fields is approximately equal to 

Assuming the t ransmission line to be terminated by a matched load 

E b2 
Z P =  in  
z O  

where the attenuation introduced by the electro-optical  c rys t a l  is being 
neglected. 

(4) 

(*) "Traveling Wave Phase Modulator", C. J .  P e t e r s ,  I. E. E. E. ,  January 1963, 
p. 47. 
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F o r  4 = 100 crns, Zo = 50 , 
modulator the power requirements as a function of modulation index a r e  shown 
in F igure  2-10, 
small .  
should be l e s s  than 6 db. 
sma l l e r  than the l a se r  beam width a recollimation of the light would be 
necessary.  

1 = 0. 5 P ,  and using a K D P  crys ta l  asra  phase 

The power input is relatively low if the c rys ta l  aper ture  is 
Over the 100 cm length the t ransmiss ion  loss  of light through KDP 

Since the aper ture  of the modulation is  probably 

Tb obtain phase modulation over wide bandwidths with relatively 
low powers a long modulator is necessary. 
would be approximately 2 x 2 x 100 crns. and would weigh about 10 lbs. 
same modulator can be used a t  low o r  high frequencies.  
of equipment a r e  necessary  to produce an  output of 10 watts. 

The s ize  of the modulator described 

At 100 mc  about 30 lbs. 
The 

The length of the crystal  may be reduced by having the l a s e r  beam 
zig-zag a c r o s s  the microwave beam. (F igure  2-11) The angle of incidence is 
c r i t i ca l  in establishing syncronization between the microwave and light beam 
velocities. 
of polarization in both principal planes of the crystal .  
bi-refringence of c rys ta l s ,  like the hydrogen phosphates, l imits  the optical  
pathlength severely since the beam is not along the optic axis. 
such as ZnS this limitation does not exist. 

To obtain intensity modulation the incident light would have components 
In this case  the neutral  

In cubic c rys t a l s  

2 .3  SUMMARY 

Table 2-11 summar izes  the proper t ies  of Pockels  effect modulators. 
F o r  narrow bandwidths, modulation at microwave frequencies ( subca r r i e r )  
o f fe rs  the advantage of low power requirements  a s  compared with video 
frequency modulation and avoids the possibility of low frequency distortion. 
However, these advantages should be compared with the increased complexity 
of using microwave sys tems both to modulate the Pockels  c rys ta l  at the 
t ransmi t te r  and to detect  it a t  the receiver.  
between the different types of detection and demodulation systems. 

Sections 4 and 5 discuss  tradeoffs 
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TABLE 2-11 

CHARACTERISTICS O F  POCKELS E F F E C T  MODULATORS 

MODULATION 
FREQUENCY 

Video 1. KD P O  of fers  the b e s t  e lectro-opt ical  charac te r i s t ics .  

2. 

2 4  

Low frequency response is affected by piezo-electr ic  effects. 

3. Capacitance of modulator induces high react ive c u r r e n t s  at 
upper frequencies. 

4. E lec t rode  cu r ren t  capacity and c r y s t a l  power diss ipat ion 
l imi t  upper frequency response.  

A 2 c m  
requir ing 0. 54 kv for  100 percent  modulation, and 100 watt 
power supply. 

2 5. aper ture  modulator is designed for  0-5  mc response  

1, 

2. 

Requi res  lower power than video modulation. 

Wide bandwidths r equ i r e  very  long devices  for  low input 
modulation power. 

3. A cavity type modulator r equ i r e s  5 watts for  30 percent  
modulation at 1 gc and 1 m c  bandwidth. 
6 crns. A r e a  0.4 cm2. 

Length of device 

4. A traveling wave modulator (narrowband) r equ i r e s  10 
watts for 40 percent  modulation at 3 gc and 5 m c  bandwidth. 
Length 5 crns a r e a  0 . 4  cm2. 

A traveling wave modulatorfwidebanb r equ i r e s  10 watts for 
100 percent  modulation and 3 gc bandwidth. 

2 a r e a  0.25 c m  . 
5. 

Length 100 crns 

Micro wave 
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TABLE 2.1 PROPERTIES O F  ELECTRO-OPTIC CRYSTALS 

10 

8. 6 

KD2P04 KH2P04 NH4H2P04 RbH2P04 KH2As o4 

0.4- 1. 2 

ZnS 

0 .4-  1. i 

CUC a 

- ~ 

8. 5 

28 

Electro-1-63 

41 optical  r 
cons ants  
(lo- '  cm/kvolt) 

1. 8 

* 
Half -wave 
voltage (kv) 

3 * 4  I 7 - 8  
9.6 8 18 + Index of 

refract ion 1.509 --I- 1. 524 2.368 1.973 

Die le c t r ic  
constant I 21 

45 15.4 8.4  

I 
Trans  m i  s s ion 
qange (micron 0.4- 12 0.4- 15 

( :: :: ) 
Half 

6 .3  3 .4  9. 1 wave 
voltage (kv) 

:: Voltage necessa ry  to produce half-wave phase re ta rda t ion  when light and e lec t r ic  
field are  para l le l  to the optic axis ( h =  0. 5 mic rons )  

*:): Voltage necessa ry  to produce half-wave phase re ta rda t ion  when light t rave ls  
para l le l  to the y axis, i s  polar ized along x axis  and the E field is para l le l  
to  the z axis. 
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3.0 MODULATION SYSTEMS 

The initial inputs f rom the television camera ,  the voice channel, 
and the ten te lemetry channels must be processed  in some manner  before 
it can be applied to the modulator. 
assumed that sys t em considerations dictate a relatively narrow information 
bandwidth, s o  that par t icular  mention i s  made of bandwidth reduction 
schemes. The various inputs a r e  combined by either frequency o r  t ime 
multiplexing and a r e  then amplified to  a level sufficient to dr ive the 
modulator. 

F o r  the purposes of this section it is 

Some modulating devices which a r e  pract ical  for light beam 
modulation were  discussed in the previous section. 
fo rm of the modulation signal will be considered on the following paragraphs;  
specifically, the relative advantages and disadvantages of analog and digital 
modulation sys tems will be discussed. 

The question of the 

3.1 ANALOG SYSTEMS 

The most  d i rec t  and simplest  method of information t ransmission i s  by 
analog modulation. 
amplitude o r  angle modulate the C W  l a se r  or  to pulse position o r  pulse 
amplitude modulate the pulsed laser .  
processing o r  alteration and the bandwidth required is the same a s  that of 
the signal. 
been thoroughly defined and explored. In general ,  the charac te r i s t ics  
include nar row unprocessed bandwidth, a relatively high susceptibility to 
noise interference,  and a high rate  of redundancy. 

The modulating signal is  used in its original f o r m  to 

The modulating signal requi res  no 

The charac te r i s t ics  of various kinds of analog modulation have 

Multiplexing of analog information signals usually requi res  a frequency 
division process  whereby each signal is on a different subca r r i e r  frequency 
a l l  of which a r e  combined to form the modulating signal. If memory  
s torage i s  available along with capabilities of differential read  in and read  
out t imes ,  t ime sharing multiplex, where each information signal is 
allotted a period of t ime to modulate the common c a r r i e r  may be used. 
For  comparison sake,  consider the information channels and converter  
diagramed in Fig. 3. 1 .  The information channels consist  of 10 te lemetry 
channels, each 1000 cps wide, one voice channel, 1500 cps wide and one 
television channel, which we w i l l  assume i s  6 kc  wide. 
mus t  be combined into one signal which is used to dr ive the l a se r  modulator. 

All of these signals 

In the analog sys tem the converter would be a s e r i e s  of subca r r i e r  
osci l la tors  and/or  mixers  if  the modulation signal i s  to be frequency 
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multiplexed o r  a timing clock and selector switch, along with m e m o r y  devices,  
if t ime sharing i s  to be used. With  analog information, frequency division 
requi res  the least  equipment and is mos t  often used. 
required,  i f  it is assumed that each signal contains sufficient guard band is 
only slightly over 17 kilocycles. 
themselves to a redundancy reduction s o  the necessary  modulator bandwidth 
would be about 17 kc. 

The total  bandwidth 

Analog sys tems to not par t icular ly  lend 

A typical converter of this type might occupy 0 .7  cu. f t . ,  weigh 4 lbs . ,  
and requi re  5 watts of power to operate. 

3 . 2  DIGITAL SYSTEMS 

Digital modulation requi res  that the incoming information signals be 
quantized iqto predetermined energy levels. 
identify the par t icular  level. 
using this  information and fi l tered to r e s t o r e  the original signal. 
difference between the analog signal and the quantized signal is known a s  
quantization noise and is inherent in the system. However, this noise may 
be reduced to tolerable level, by judicious selection of the quantization and 
encoding process .  

Some means is then selected to 

The 
The received signal i s  then reconstructed by 

Two digital sys tems a r e  in general  use:  pulse code modulation (PCM) 
and del ta  modulation (DM), o r  a combination of the two (DM-PCM). 
involves quantizing the signal with re ference  to  a base line, usually the 
lowest value of the signal, within some sampling period, usually selected to be 
about equal to  the fas tes t  r i s e  t ime expected. 
lpvpls i.: t -h~sen  2. Piaht and 9 hi:zrv rnJ.= is t c  h e  used, the- 3 bits a r e  
required to determine the level in each sampling period. If the highest 
information frequency i s  6 kc  and the Nyquist c r i te r ion  i s  used, a minimum 
12 thousand sampling periods per  second a r e  required. With 3 bits per  
period 36 kilobits/second a r e  required. 
the R F  bandwidth, then an 18 kc bandwidth is required.  A fas te r  sampling 
r a t e  and closer  quantization levels contribute to higher fidelity and grea te r  
bandwidth requirements  . 

PCM 

If the number of quantization 
--o---, ---- 

If the information bandwidth is twice 

DM, instead of using a base reference a s  s tar t ing point for each level, 
u ses  the previously t ransmit ted level a s  a start ing point and then goes up o r  
down 1 step,  depending on the relative analog signal level. 
number of sampling periods may be used since each pulse t ransmi ts  
information about the signal, However, sample timing becomes r a the r  
important,  for  a slowly varying low amplitude, analog signal will cause to 
be t ransmit ted a s e r i e s  of positive and negative pulses. On the other hand, 
i f  the sampling periods a r e  too long, the sys tem will not be able to keep up 
with a rapidly changing signal. Good signal fidelity r equ i r e s  high sampling 
r a t e  in conjunction with small level changes. 

A grea ter  

A combinal;ion of these two systems,  DM-PCM, i s  frequently used 
where the reference is taken a s  the previous level but the magnitude of the change 
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i s  coded. 
remainder  indicate magnitude of the change. 
t r ansmi t s  l e s s  information and has  g rea t e r  fidelity than DM alone, and 
t r ansmi t s  m o r e  information with g rea t e r  f ideli ty than PCM alone. 

In this ca se ,  one bit mus t  be used to  indicate up o r  down while the 
F o r  a given bandwidth, DM-PCM 

Digital systems,  in general ,  opera te  with a S / N  ra t io  higher than 
analog sys t ems  in a high noise environment. 
the digital system requ i r e s  a wider bandwidth than the analog signal. 
instance,  considering the sys t em of Fig. 3 - 1  with 4-bit coding, a bandwidth 
of g rea t e r  than 240 kc i s  requi red  a s  compared  to 60 kc for  the analog system. 
The digital system a lso  r equ i r e s  accura te  clocks at both the t r ansmi t t e r  and 
rece iver  to synchronize the sampling periods.  
techniques applicable to  analog sys t ems  a r e  a l so  suitable for  digital  sys t ems ,  
although digital sys tems a r e  m o r e  suitable for  t ime multiplexing. 

The uncompressed signal of 
F o r  

The s a m e  multiplexing 

Most information s ignals  contain a high percentage of redundant 
ma te r i a l  and digital sys t ems  a r e  especially suited for  removing this  
mater ia l .  
sys t em becomes in t e r m s  of information t r ans fe r  the m o r e  complex i t  
becomes in t e r m s  of components. 
on the degree  of sophistication of any system. 
speech signal requi res  about 20, 000 b i t s / second while the basic  information 
content of the signal i s  about 60  bi ts /second.  
TV has  been achieved (>;c) and special ,  slow scan,  high resolution video c a m e r a  
signal has  been compressed into a 6 kc bandwidth (**). 
techniques digital signals can make bet ter  u s e  of available bandwidth with 
attendant incredses  in S / N  ra t io  than do analog sys tems.  

However, i t  i s  well  to  r e m e m b e r  that  the m o r e  sophisticated a 

Therefore  a prac t ica l  l imit  i s  imposed 
Digital t r ansmiss ion  of a 

Bandwidth reduction on no rma l  

By using compress ion  

3 . 3  TYPICAL SYSTEMS 

A block diagram of a typical analog converter  using frequency division 
multiplexing is shown in 3 - 2 ,  and that of a typical digital converter  in Fig. 3 - 3 .  
The signal inputs in Fig. 3- 1 modulate s u b c a r r i e r  osc i l la tors  which t r a n s f e r  
the signal to the des i red  portion of the frequency spec t rum.  
signals of the modulated s u b c a r r i e r s  a r e  then added together and used  to  
amplitude, phase,  polarization or frequency modulate the light beam. 

The output 

F ig .  3 - 3  is s imi l a r  but af ter  the modulated s u b c a r r i e r  osc i l la tors  
come a quantizer and encoder.  
s ignals ,  a r e  now added together and again used  to modulate the light beam. 
Now the modulation i s  confined to  two d i sc re t e  levels.  
DM-PCM coding, 3 bits pe r  sample a r e  required.  

The outputs of the encoder which a r e  digital  

Using a 4 level 
In this sys t em,  

W. Schre iber ,  C. F. Knapp and N. D. Kay, "Synthetic Highs-An 
Experimental  TV Bandwidth Reduction System", 84th SMPTE 
Convention, Detroit,  Mich. , Oct., 1958. 

John R. Scull, "A System for  Lunar Photography and Data Transmiss ion" ,  
J e t  Propulsion Laboratory,  May 28, 1960. 
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commutated te lemet ry  channels a re  used,  saving nine subca r r i e r  osci l la tors  
but at a slight degradation of information capacity. 
information to be t ransmit ted would determine whether o r  not this would be 
practical .  Although many variations enter  into a sys tem such as this ,  a 
typical sys t em might weigh 4 lbs . ,  require  11 watts and displace a. 7 cu. ft .  

The nature of the 
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4 . 0  DEMODULATION COMPONENT EVALUATION 

4.1 THE P N  JUNCTION DETECTOR 

Semiconductors may be used a s  photodetectors by taking advantage 
of one of several  effects that may occur when light s t r ikes  their  surface.  
According to the effect used they a r e  broadly classified a s  photovoltaic 
( P V ) ,  photoelectromagnetic (PEM), and photoconducting (PC)  detectors.  In 
the case  of P V  detectors absorbed photons produce electron-hole pa i r s  
separated by an internal e lectr ic  field a t  the semiconductor junction and 
thus establishing a potential difference. PEM detectors  operate on the 
principle that the electron-hole p a i r s  generated by the photons a r e  separated 
by an external magnetic field, establishing in this manner  a potential 
difference. 
res is t ivi ty  of the mater ia l .  
fication and offer the best  possibil i t ies for broad-band optical detection. 
PEM detectors  a r e  eas i e r  to fabr icate  than P N  junctions, however their  
power conversion efficiency i s  low and generally must  be cooled to liquid 
nitrogen temperatures  to obtain good sensitivity. At optical wavelengths 
above 1. 6 microns it would be necessary  to use  a PEM photodetector (such 
as In Sb), however since the l a se r  frequencies most  likely to  be incorporated 
in the optical communication sys tem lie in the visible o r  near  infrared region 
we shal l  limit our study to P N  junction diodes. 

In PC detectors  the generated f r ee  electrons change the 
P N  junction photo-diodes fall  under this c lass i -  

F i g .  4-1 shows the basic configuration of a PN junction detector.  When 
light of a wavelength shor te r  than the absorption edge s t r ikes  the surface of the 
back biased detector, a hole-electron pair  is formed for each absorbed photon. 
The t r ans i t  time of the c a r r i e r s  a t  the junction and the junction capacitance 
will essentially determine the frequency response limitation of this detector.  
The junction width is  direct ly  proportional to the t rans i t  t ime and inversely 
proportional to the capacitance. 

v- 
0 t = -  
m w 

where v 
frequenFy which the detector must  follow. vo i s  a function of%e 
absorption constant of the junction, and the diffusion constant for electrons.  

i s  the saturation dr i f t  velocity of the c a r r i e r s  and w i s  the 

The saturation d r i f t  velocity of the junction is direct ly  proportional 
to the a r e a  of the junction and establ ishes  i ts  maximum value. 
l imit  for  the junction a r e a  A i s  (:ic) 

A design 

’;< H. S. Sommers,  “Demodulation of Optical Signals with Semiconductors ‘ I ,  

Proc .  I .E .E .E . ,  January 6 3 ,  p. 142. 
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2 x 1012 To 

R am B A 5  

where R is  the load resis tance and B i s  the modulation bandwidth. 

The load resis tance also is an important factor in determining the 
bandwidth l imit  of the photodiode, since 

1 R C S  - 2 ~ r B  

where C i s  the junction capacitance. 
res i s tance  must  be matched. 
is  usually th& transmission line character is t ic  impedance (50 ohms). 
effect of the internal res i s tance  of the diode is  negligible when compared 
with R. 

F o r  maximum power output the load 

The 
At microwave frequencies the load res i s tance  

Fig. 4-2  shows typical design pa rame te r s  for a germanium o r  a 
silicon P N  junction photodiode operating a t  roo'm temperature .  
calculations have been made assuming a modulation bandwidth of 5 m c  and 
a load resis tance of 50 ohms. The quantum efficiencies of these detectors  
will be above 0 .7  when the radiation wavelength does not exceed 1. 5 microns  
in the case  of germanium and 0. 85 microns in the case  of silicon. 

The 

The current  available, I, f r o m  the photodiode depends on the number 
of photons/second n striking the diode surface and on the quantum efficiency 

7 , I = 7x16. 

The power P, delivered to the matched load R will be 

The minimum detectable signal will depend on the internal and external  
noise sources  of the detector. Assuming background noise to be negligible, 
there will be three notable noise cur ren ts :  ID, the noise f r o m  the detector 
itself mostly in the f o r m  of dark  cur ren t ;  I , the quantum noise of the light 
beam; and I the thermal  noise in the loap res i s t ance .  R' 

At low frequencies (5 MC) the noise-equivalent power ( N E P ,  the power 
necessary  to produce a signal to noise ra t io  equal to unity) may  be computed 
f r o m  

watts 
N E P =  (AB)'/2 

D -' 

::: H. S. Sommers,  Ibid. 
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:;< 
where D 
B = 4 mc,  the NEP is plotted a s  a function of a r e a  in Fig. 4 - 3 .  

is  the power detectivity. Taking Da' = 10 c m  cps'" 0 - l  and 

At high frequencies of modulation ID can be neglected a s  compared 
with IN. 
be (") 

In this case  the theoretical  noise equivalent power can be shown to 

NEP 2 4f+ watts 
I I X  

The s ize  and weight of the photodiode itself i s  negligible. To detect mic ro -  
wave frequency modulated light a high-Q resonant s t ruc ture  must  be used to 
enhance the expected low level signal. 
however to degrade the information bandwidth. 
in Fig. 4-4. 
using a metalic holder. 
sys tem via a movable shor t  tuner. 
additional movable short .  
break in the metallic holder. 
be used to re t r ieve the video modulation. 

The Q must  not be high enough, 
One such s t ruc ture  i s  i l lustrated 

The diode is  placed in the inner conductor of a coaxial line by 
One end is connected to a microwave receiving 

The other end is  a lso connected to an 
D. C. isolation i s  provided by a high capacitance 

A conventional superheterodyne rece iver  may 

Detection and amplification of the light beam may be obtained by 
utilizing a parametr ic  amplifier s t ructure .  
A gain of 15 db has been obtained (:') detecting modulated light a t  4 gc when 
pumping power at 8 gc i s  supplied. 
of 30  db can be expected with 5 m c  modulation bandwidths. 
amplifier would weigh less  than 10 lbs. 

Figure 4 - 5  shows such a s t ructure .  

Fo r  pump power of about 100 mw a gain 
Such a pa rame t r i c  

4 . 2  PHOTOEMISSIVE DETECTORS 

Phototubes, photomultipliers, and traveling-wave microwave 
phototubes a r e  of this type. 
in the ultraviolet and light region of the spectrum. 

They a r e  the most  sensitive and fas tes t  detectors  

The operation of a photoemissive detector is based on photoelectric 
emission, which is  a l so  called external  photoeffect. 
two steps:  absorption of light by a solid and emission of an  electron f r o m  
the solid. Light may be absorbed without an electron being emitted; this 
occurs  every time an electron-hole pa i r  i s  created by the absorption of light 
within a semiconductor. 

This effect consists of 

The basic law of photoelectric effect is that the emiss ion  of each electron 
i s  caused by the absorption of a single photon. 
e lectron leaving the emitting surface is, according to Einstein 's  formula,  

The kine%ic energy of the 

* S o  Saito, et  al . ,  Proc .  IRE, November 1962, p. 2369. 
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Ekin = hf - e @  

where @ i s  the work function of the surface. 
can cause photoeffect for which h f z e  Q, o r  

Only light of such frequency 

A, = 12,400 
e @  

The element with the lowest work function i s  cesium. For  this element 
e Q = 1. 9 eV;<therefore,  the wavelength l imit  of a ces ium photocathode 
is about 6500 A. Composite photocathodes consisting of combinations of 
metals  and oxides have tower work functions and a r e  capable of emitting 
electrons when i r radiated with light whose wavelength is longer than 6500 A. 
The spec t ra l  response of such photocathodes is generally quite complicated. 
It i s  character ized by the photocurrent emitted per  unit incident radiant 
power. 
100; they represent  relative values. 
the electron current  emitted by the photosurface upon i r radiat ion with light 
of wavelength 1 in terms of the cur ren t  that would be produced if  the wavelength 
of the light were  changed to that of the most  effective radiation for the surface 
and the intensity of the i r radiat ion remained the same. 

The spectral  response curves a r e  s o  drawn that their  peak i s  1 o r  
The ordinates of these curves r ep resen t  

The commercially available photodetectors a r e  standardized 
according to their spec t ra l  response.  
a r e  most  suitable for the detection of radiation in the wavel?ngth region between 
6900 and 7000 A; i. e. , for the ruby laser  emission a t  6943 A. 
neodymium glass laser  (1. 06 II) the S - 1  response is best  suited. The responses  
of these devices a r e  shown in Fig. 4-6. It i s  c lear  f rom the figures that the 
sensit ivit ies of both the S -  10 and S-20 sur faces  a r e  low a t  6943 A compared ~ 

with their  maximum sensit ivit ies which a r e  attained between 4200 and 4600 A. 
It should be noted, however, that the quantum efficiency of the S-20 sur face  
a t  6943 A (2. 5 percent) is  roughly 60 t imes  the quantum efficiency of the S - 1  
surface at 1.06 I-1. 
collimation, the ruby sys tem i s  to be p re fe r r ed  over the neodymium-glass 
sys tem because of the higher available detector sensitivity. 

Detectors with S-10 and S-20  responses  

For  the 

For  this reason,  given equal t ransmi t te r  power and beam 

A figure of m e r i t  for a photoemissive surface i s  the quantum efficiency, 
the number of emitted electrons per  incident photon. 
q, the incident power, W ,  and the photoelectric e lectron cu r ren t  a r e  re la ted 
a s  follows: 

The quantum efficiency, 

The number of incident quanta per  second i s  

n = W/hf, 

the electron current  emitted f rom the photosurface i s  qne, and, therefore ,  

i = qWe/hf 
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The quantum efficiency i s  not the only figure of mer i t  of a photodetector. 
Since each detector generates a cer ta in  amount of noise the following 
question is  relevant: 

What i s  the minimum intensity of radiant pawer falling on the 
detector which gives r i s e  to a signal voltage equal to the noise voltage 
f r o m  the detector? 

This question can be answered only i f  the spec t ra l  composition of the 
incident radiation i s  specified. 
unique. 
to the square  root of the e lec t r ica l  bandwidth; therefore ,  the electr ical  
frequency intervals must  be specified. 
the noise f rom the detector i s  temperature  dependent. In fact, a detector 
sensitive in the orange-red region i s  quite noisy when operated a t  room 
temperature .  

Even when this is  done the answer is not 
The measured noise voltage in the output of the detector i s  proportional 

Some ambiguity s t i l l  remains  because 

For high sensitivity it should be refr igerated.  

A figure of mer i t ,  the Noise Equivalent Power ( N E P ,  is  defined a s  
follows: 
producing an output signal equal to the output due to (internal)  noise alone. 
In other words,  N E P  i s  the signal for  which the s / n  ra t io  i s  unity. The 
quality of incident radiation involved in the definition of N E P  i s  specified 
either by the temperature of the black-body radiation which se rves  a s  a 
reference source, o r  in t e r m s  of the wavelength i f  a monochromatic source 
se rves  a s  a reference.  The NEP is measured with a chopped incident 
radiation and the chopping frequency is  usually chosen in the low audio 
frequency range. 
output. 

i t  i s  the radiant power falling upon the detector capable of 

The noise i s  always r e fe r r ed  to a 1-cps bandwidth of the 

The reciprocal of the N E P  is the detectivity, D. This quantity 
expresses  the s / n  ra t io  obtainable/watt of incident power. 
detectivity indicates a better detector ,  a detector capable of detecting a 
signal of a smaller  intensity. 

A higher value of 

The sensitivity of a photodetector i s  the rat io  of output cur ren t  to 
incident radiation. The radiant sensitivity, stated in microamperes  /watt, 
i s  found by determining the response of the photodetector to that radiation 
to which the detector i s  mos t  sensitive. Therefore ,  it i s  called radiant  
sensitivity a t  peak response.  
by using the relative response curves of Fig. 4-6. 
is stated in microamperes/ lumen.  
287OOK is employed in place of the monochromatic source used to determine 
radiant sensitivity. 

Sensitivity at other wavelengths can be found 
Luminous sensitivity 

Here a t e s t  lamp of color tempera ture  

Conversion of lumens to watts can be accomplished only by taking 
into account the spectral  sensit ivity curve of the photodetector. These 
factors  and other relevant pa rame te r s  of photodetectors were  calculated 
by R. W.  Engstrom, some of whose data a r e  reproduced in Table 4-1. 
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TABLE 4-1 

Basic Data Pertaining to S-  1, S- 10, and S-20 Photodetectors 
Conversion Wavelength Radiant Peak  Dark 

S - Number Factor  of Maximum Sensitivity Quantum Current  
( lumens/watt)  Sensitivity (pamp/W) Efficiency at 25O C 

(per cent) (ainp/ cm2) 

-15  

-15  

-15  

s -  1 94 8000 2,350 0.36 900 x 10 

s- 10 508 4500 20,300 5.6 7 0 x  10 

s - 2 0  428  4200 64,200 18. 0 0.3 x 10 

4. 2. 1 Electrostat ic  Photomultipliers 

One of the ear l ies t  methods used to  enhance photoelectric signals was 
the photomultiplier. 
e lectrons produced by photoelectrons emitted f r o m  a photocathode surface.  

It works on the principle of secondary emission 

The multiplication process  increases  the sensitivity by a factor of 
l o 6  to  lo7. 
increase  the capability of the device to  detect  smal l  signals,  since the noise 
i s  amplified together with the signal. 
power, is the t igure of m e r i t  which determines the ieast  signai detectabie by 
means of the photodetector. 

This increase of sensitivity, however, does not necessar i ly  

The detectivity, o r  the noise equivalent 

The data of Table 4-11 a r e  found in the RCA Electron Tube Handbook 
concerning photomultipliers with S-1, S- 10, and S-20  spec t ra l  responses:  

TABLE 4-11 

Noise in Photomultiplier Tubes 

Noise Equivalent Tempera ture  
Tube Spectral  Response Illumination (OC 1 

6217 

7 162 

7265 

7265 

7326 

7326 

s- 10 4.0 x 10- lumen 25 

s- 1 1.7 x 10 - l2 watts 25 

s - 2 0  7.5 1 0 - l ~  lumen 25 

s - 2 0  1. o lumen - 80 

s - 2 0  1.9 x 10 lumen 25 

s - 2 0  3. o x lumen - 80 

- 12 
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For  tubes of S-10 and S-20 spec t ra l  response the f igures  of Table 4-11 
may be converted to noise equivalent power at the peak of the response by 
means of Engstrom's  factors .  
relevant radiation may  be obtained by making use  of the relative response 
curves of Fig. 4-6. 
example, the frequency dependence of the quanta must  be taken into account 
in addition to the change in response f r o m  peak to 6943 A. 
Table 4-111 i s  constructed. 

Then the noise equivalent power for the 

In calculating quantum effic'iencies at 6943 A, for 

In this manner  

The information in Table 4-111 may be used in answering the following 
question: Given the output bandwidth of lo6 cps,  what signal level is required 
a t  6943 A to produce a s / n  ra t io  of 1 when a 7326 photomultiplier is used at 
room tempera ture?  The answer is: 

-11 6 1/2 
p = (10 x 2 x watts = 2 x 10 watts. 

This power corresponds to the incidence of 

7 = 7 x 10 photons/second. p =  2 x  l o - i i  = 
2 . 8 6 ~  10-19 

In 1 ps,  which is  the rec iproca l  of the bandwidth, there  will be 70 photons 
incident. These will produce, on the average,  1.7 photoelectrons. 

TABLE 4-111 
Phototube Character is t ics  Calculated 
for Ruby and Neodymium Radiation" 

N E P ~ ~  4 (peak) qho  Relative Temperature  N E P  (Peak)  Sensitivity 
( O C )  (1 cycle) f o r  X o ( : : c )  W (1 cycle) (70) 

Tube 

6217 25 7.9 x 10 0. 10 7.9 x 5.6 0.36 

7265 25 1.7 0.22 8.0 x 10 -15 18.0 2.4 

7265 - 80 0.23~ 1 0 - l ~  0.22 1.0 x 10- l5 18.0 2.4 

18. 0 2.4 7326 25 4.4 x 10 0.22 2.0 x 10 
7326 so 7.0 x 0.22 3.2 x 10- l5 18.0 2.4 

7 102 25 1.7 x 10 - I 2  0. 28 6.0 x 10 

- 14 

- 14 - 15 

0. 36 0. 04 - 12 

9&( X o  
tubes with S- 1 response. ) 

= 6943 A f o r  tubes with S-10 and S-20 response,  1 = 1.06 Pfor  
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Sizes and weights of commercially available photomultipliers vary.  
One of the most  sensitive i s  the RCA 7046 which uses  14 stages  of amplifi- 
cation and has  a 4 7 / 1 6 "  diamter.  The required DC supply voltage is 3400 
volts with an average anode cur ren t  of 2.0 ma, Most photomultipliers 
require  above I 0 0 0  volts. 

4. 2. 2 Dynamic Crossed Field Photomultipliers 

Present ly  available electrostatic photomultipliers are not capable of 
operating above a few hundred megacycles because of e lectron t rans i t  time 
spread. 
emission multiplication is  obtained from a microwave e lec t r ic  field has  been 
experimentally demonstrated (*). 

Recently a photomultiplication sys tem in which energy for secondary 

This photomultiplier operates on the principle of dynamic c rossed  
field e lectron multiplication in which electrons a r e  multiplied in a field 
configuration consisting of a high-frequency e lec t r ic  field and a c rossed  
steady magnetic field; the fields a r e  bounded by two electrodes,  one of which 
has  a high emission ratio.  See Fig, 4-7. 

The bandwidth of the photomultiplier is equal to  one-half the e lec t r ic  
field frequency w due to the fact  that the device is a sampling sys tem with a 
sampling ra te  equal to the e lec t r ic  field frequency. 
can be distinguished. 
amplifier f rom dc to w / 2  and the second in which the multiplier operates  as 
a heterndyne detector from w / 2  to  w. 

Two c l a s ses  of operation 
The first in  which the multiplier ac t s  as a video 

The gain of the photomultiplication i s  defined as the rat io  of the cu r ren t  
collected af ter  n multiplication steps to cathode current.  
conditions a gain of l o 8  can be obtained. 
dynamic-crossed field photomultiplier should be similar to those of an 
electrostat ic  photomultiplier. Noise of the e lec t r ic  field source,  however, 
may be magnified into the output. 

Under optimum 
The noise charac te r i s t ics  of the 

An experimental  dynamic crossed field photomultiplier has  been built. * 
Two watts The high electr ic  field was obtained in a resonant cavity structure.  

were  needed at 3 gc to produce fields of 10 6 v /meter .  
magnet supplied a uniform 500 gauss magnetic field. 

An external  e lec t ro-  

4. 2.3 Traveling-Wave Phototube 

There  a r e  other methods of detecting and internally amplifying a 
microwave modulated light beam using the principle of photoemission. 
Consider Fig. 4-8. Modulated light striking the photocathode surface 
produces a pre-bunched beam of electrons through a microwave s t ructure .  
The microwave styucture i s  designed to  both amplify the modulation and 
remove i t  a s  an electr ical  signal. 

* 0. L. Gaddy and D. E'. Holshouser, Proc .  IEEE, January 1963, p. 153 

It may consist  of a cavity, a helix o r  some 
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other slow -wave circuit .  
will yield a grea te r  bandwidth capability. 

A traveling-wave tube type of construction 

Transi t - t ime problems are not significant in these phototubes; the 
initial cu r ren t  modulation excite the well-known space charge waves,  and 
the microwave-tube section then amplifies and detects them. 
important source of noise is shot noise. 

The most  

Consider microwave amplitude modulated light striking the photocathode 
and causing a cathode cur ren t  composed of Ii( the microwave component, and Io the 
D C component result ing f rom the fact that  the light beam isnot 100 percent  
modulated. If the photoelectrons a r e  accelerated by a I3 C voltage, Vi.  

The maximum microwave power output i s  given by 

The shot-noise result ing in a bandwidth B is 

= ,%e  Io B 2 
IN 

The microwave modulation signal will be 

i 3 j  

w h e r e n  is the number of arr iving photons to the cathode and 
i s  its quantum efficiency. 

Equating (2) and (3 )  the minimum detectable number of photons can be found. 
Thus the minimum detectable power i s  

A plot of equation (4) is shown in Fig. 4-9. Minimum detectable power is 
plotted as a function of modulation bandwidth frequency and d i rec t  cur ren t  
in the phototube. The wavelength i s  taken a t  0. 5 microns and '1 = 0. 1 for  
a typical photocathode. 
is quite high with d. c. cu.rrent present. 
obtained by superheterodyne as wilt be noted later. 

The minimum detectable power a s  may be seen,  
An improvement in N E P  can be 
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Sylvania has  recently been marketing traveling wave photo tubes. 
They a r e  a l l  permanent magnet types, light weight and compact. Weight 
including integral  magnets is below 5 lbs. and the s izes  a r e  approximately 
2" diameter  x 15" length. The types of photocathode available a r e  e i ther  
the S - I  or  conventional thermionic cathode, 
available spanning a frequency range between 1 and 12. 5 gc. smal l  signal 
gain between 20 and 30 db should be possible. 
Table 4-IV. 

Phototubes of this type are 

For  fur ther  details  r e fe r  to 

TABLE 4-IV MICROWAVE PHOTOTUBES 

Frequency Helix Voltage Thermionic Cathode 
Type fgc) V DC Current  c1 A DC 

SYD - 4301 1 - 2  250 400 

SYD - 4302 2 - 4  450 400 

SYD - 4303 4 - 8  - - 
SYD - 4304 4 - 12.5 1030 400 

4.3 COMPARISON O F  PHOTODETECTING COMPONENTS 

A comparison table of the various types of photodetectors discussed 
in this section i s  given in Table 4-V. 
sensit ivity of a l l  detectors.  Traveling wave phototubes, although capable of 
high frequency response and large bandwidths, a r e  limited in sensitivity by 
shot noise when used a s  envelope detectors. 

Photomukipliers offer the highest 
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TABLE 4-V 
COMPARISON O F  DIFFERENT TYPES O F  PHOTODETECTORS 

Advantages Disadvantages 

10-9 watts typically a t  5 m c  cavity resonator.  5- 10 

2. High quantum efficiency 
(from 0. 5 to 1. 0)  which 
extends into the IR 

Photo Diodes 1. H a s  high sensitivity N E P  1. For  high frequency requi res  

percent  bandwidth 

amplification (except if used 
2. Does not have internal 

3. Low dark  cur ren t  as paramet r ic .  amplifier) .  
Shot noise amplified in 

4. Simple and rugged external  amplifying sys t em 

5. Video bandwidth capability 3. Small  detection a rea .  T rans i t  
t ime imposes tradeoff between 
sensit ive a r e a  and diode 
c apac i tan c e 

6, gc frequency response 
capability 

4. Low equivalent res i s tance  a t  
high frequencies (50 ohms). 

Photomultipliers 1. Has high sensitivity N E P  1. Low quantum efficiency 

2. Requires cooling for low dark  10-1'  watts a t  5 mc  

2. Internal amplification by cur  re nt 
e 1 e c t r on m i l t  i p 1 i c a t  i on 3 .  Infrared response limited 

3.  gc frequency response to 1. 1 microns 
capability by dynamic c rossed  
field multiplication 4. When used for optical 

superheterodyne reception 
4. Broad bandwidth capability d i rec t  cur ren t  f r o m  L.O. is 

amplified causing burn out 

5. Not rugged. Mechanically 
complex 

6. Requires high anode voltages 
(>1  kv) 

Microwave 1. Internal amplification by 1. Low quantum efficiency 
Phototubes traveling wave interaction 2. Limited infrared response 

2. When used for optical super -  (1. 1 microns)  
he t e r o dyne d i r e c t cur  r e nt a id s 
amplification 3. Requires  high anode voltages 

4. Not suitable for video 
frequency detection 

3. Ruggedness comparable to 

4. gc frequency response capa- 
bility 

5. Broad bandwidth capability (3:  1) 

6. No t rans i t  t ime effects 

7.  High equivalent res i s tance  

mi c r ow ave tube s 

( 1OOK) 
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5 .0  DEMODULATION SYSTEMS 

The optical rece iver  may make use of severa l  different detection 

The actual 
sys tems which have already been well defined for R F  rece ivers .  
techniques a r e  the same,  only the components a r e  different. 
components to be used have been described in detail in Section 4. 
this section will be concerned with their  combination into sys tems to detect  
information on an optical c a r r i e r ,  
video detection, optical heterodyne and optical homodyne. 

The 

Therefore ,  

Three sys tems will be considered - di rec t  

5. 1 VIDEO DETECTION 

Consider the operation of a d i rec t  detection rece iver  as shown in 
Fig. 5-1. The incoming signal of power P passes  through an optical f i l ter  
and impinges on a photosensitive surface. '?If 7 i s  the quantum efficiency, e 
the charge on the electron, then the cu r ren t  which flows, 11, i s  

The power of the generated signal is proportional to the square  of the current .  
If t h e  inroming signal is amplitude modulated, the result ing cu r ren t  i s  
amplitude modulated. 
on the par t icular  detection device. 
direct ly  a s  an e lec t r ica l  signal. 
implement but has  inherent limitations. 
frequencies and good optical f i l ters of a bandwidth l e s s  than 5A (angstrom) 
a r e  not available. At 
bandwidth of grea te r  than150 gc. It i s  usually desired to  pick out weak optical 
signals against a fa i r ly  strong sunlight o r  other noise background. 
detection rece iver  then must  operate with a wide predetection bandwidth, even 
through the signal bandwidth i s  relatively narrow. 

This current  may o r  may not be amplified, depending 
The amplitude modulation is picked off 

This i s  one of the s imples t  sys tems to 
Fi l ter ing mus t  take place a t  optical 

= 1 micron 5A bandwidth corresponds to a frequency 

A direct-  

There will be three important noise contributions in the video detector. 
The quantum noise associated with the detection of the modulated l a se r  beam, 
the the rma l  or Nyuist noise of the load res i s tance ,  and the shot noise which 
depends on the dark  current .  
Assuming the noise cu r ren t s  a r e  uncorrelated and 100 percent  modulation of 
the light beam 

It is assumed that there  i s  no background noise. 

-61- 



OPTICAL 
FILTER 

6 , b /  
SIGNAL ps 

M/2 4 

Figure 5-  1 .  Video Detection Receiver 

POCKEL , - A ,  
CELL r 

1 POCKEL I A 2  

CELL w 1 

T +l I BAgyD AMPLIFIER 1-.OUTPUT 

LOCAL 
OSCILLATOR 

LASER 

Figure 5 - 2 .  Balanced Photoelectric Mxer  

62 



I 
I 
I 

8 
t 
1 
I 
I 
I 
I 
8 
8 
I 
1 
I 
I 
n 

Where IN, IR, I,, a r e  the quantum, thermal  and shot noise of the device, the 

quantum noise cur ren t  is 

= 2 e 2  q n ~  IN ( 3 )  

assuming a Poisson distribution for received photons. 
i s  equal to  

The thermal  noise 

and the shot noise is 

= 2 e 1 ~ ~  ID 

where I is the dark  current .  
region of the modulation and should also be included. 
i s  sufficiently sma l l  compared with I 
of incident photons required for unit signal to noise ra t io  i s  

The l / f  noise will influence the low-frequency 
0 If the dark  cur ren t  and IR 

i t  can be shown that the number N *  

5.2 OPTICAL SUPERHETERODYNE AND HOMODYNE 

Optical superheterodyne and homodyne sys tems per form the same 
functions a s  their  R F  counterparts,  namely conversion to some IF frequ'ency 
a t  which filtering and detection take place. 
d iagram of a balanced heterodyne, using a local oscil lator l a se r  of power 

Po. oscil lator beams before they hit a photocathode surface.  

Fig. 5-2 shows the block 

A half-si lvered m i r r o r  is used to superimpose the signal and local 

In Fig. 5-2, the half-silvered m i r r o r ,  M/2,  ac t s  as a hybrid 
junction and has  reflecting and transmitting coefficients of 

-jd 4/ ,z- and e 1 ,  

respectively.  If 
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- 2  
P = 1 As cos (as t t ~ / 4 )  1 

S 

.> 2 
P = LAo cos (wo t - r / 4 )  1 

0 

96 
then f r o m  Olivers  analysis  

2 
(Ao cos w t t As COS ws t)  - I PI - - 2 0 

2 1 
2 0 P2 

- - - (Ao s in  w t - As sin us t )  

(4) 

(5) 

The signal output cu r ren t  i i s  given by 
S 

i = i l  - i2 = A A COS 6 t where 6 = - (6) S 2hf o s S 0 

i has  the mean square value 
S 

If the bandwidth of the c i rcu i t  following the mixer  has  a bandwidth B, the 
mean square  shot noise may be wri t ten 

2 2 2 e B  2 
AN h f  (Ao + As 1 = 2 e B  ( i l  t i2) = -!I.- 

Taking the r a t io  of (6)  to ( 7 )  

(7)  

As A 
witho%t l imit ,  the fir  s t  approaching 

is increased,  both the S / N  r a t io  and signal power inc rease ,  the second 

2 - 
- 7 ps = A  s -  

A 

h f B  2 h f B  

::: "Signal to  Noise Ratios in Photoelectr ic  Mixing", B. M. Oliver ,  
Proceedings IRE, December 1961, p. 1960. 
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where P i s  the average of Ps. 
signal to noise ra t io  is  thus n = B/q . The number of photons required for unity 

S 

If hf 7> KT, then the S/N ratio of an ideal amplifier takes  the f o r m  

S ,  P 
R -  h f B  

If 7 = 1, (10)  is simply the S / N  ratio of an ideal amplifier.  

The above resul ts  apply when ci0 # w (a  superheterodyne receiver) .  
S If we consider a homodyne receiver  in which w = w and 6 = 0, f r o m  (6) 

-2 i is twice as grea t  as before, cos 6 t having been replaced by unity. 
gquation (8) is still t rue  so  the S / N  rat io  has doubled: 

S 0 

P S S 
= r l  h i B  

2 
max 

With a quantum efficiency of unity, the signal to noise ra t io  is  now twice a s  
g rea t  a s  an ideal amplifier.  This improvement in S / N  rat io  with homodyne 
mixing as compared to heterodyne mixing a r i s e s  because the signal coversion 
gain is doubied whiie tne noise ievei, w’niLii ULLUL a after- iiiixiiig, is i i ~ t  ~f fec tc r? .  
For  unity signal to noise ra t io  the number of photons required is  n = B/2 9. 
This is not t rue  when background noise i s  received with the signal. 
change in gain effects both signal and noise equally. 

Any 

If heterodyne action is to be obtained the signal and local oscil lator 
wavefronts must  be paral le l  and in phase a t  the cathode. 
case  the result ing intermediate frequency signals would have different re la t ive 
phases  and would tend to cancel out. 

If this were  not the 

The beams must  be paral le l  to within 

wavelength 
Photocathode diameter  A 0  = 

This r e su l t s  in a very smal l  angle (for 
diameter  equal to 1 cm,  A0 is 10 seconds of a r c ) .  
is then required increasing the complexity of the system. 

= 0. 5 CL and the photocathode 
P rec i se  optical alignment 

A number of important properties of the heterodyne and homodyne 
r ece ive r s  a r e  apparent f rom the above analysis. In the f i r s t  place the signal 
to  noise ra t io  i s  independent of the local oscil lator strength and of the s i ze  of 
the da rk  cur ren t ,  an important consideration in video detectors.  Thus 
without degrading the signal to noise ra t io  large DC cur ren ts  may be allowed 
thus aiding in the amplification process  in the case  of the photoemissive devices 
discussed in Section 4-2. 
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Heterodyne reception increases  the sensitivity of the detector by a t  
least  a factor of two and by a factor of four for homodyne reception over 
video detection. It a lso permi ts  frequency filtering at the intermediate 
frequency where methods a r e  well established rather  than a t  the optical 
frequency. 
of background noise. A 1 gc bandwidth, f o r  instance, corresponds to  about 
0. 016 A a t  0. 7 microns wavelength. Good optical f i l ters  below 5 A a r e  not 
presently available. 

This is an important consideration when operating in the presence 

However these advantages should be weighed against  the added s ize  and 
complexity of the sys tem a s  compared to video detection. 
the local oscillator l a se r  must  be held fair ly  stable otherwise the optical beat 
frequency will drift. Fig. 5-3 indicates a type of e lec t r ica l  c i rcu i t ry  for 
use with the optical heterodyne where the voltage controlled l a se r  local 
oscil lator i p  tuned in frequency by adjustment of i ts  re f lec tors  so that the 
radio frequency beat i s  maintained constant. 

The frequency of 

:;< 
One method which has  been suggested to stabil ize angular misalign- 

ment between the local oscil lator l a se r  and incoming waves i s  shown in 
Fig. 5-4. The pinhole and lens assembly is aligned to focus the signal 
beam at the pinhole. 
wave which i s  specially coherent with the incoming signal wave over the 
photodetector surface. 

The pinhole then selects  precisely that local. oscil lator 

Heterodyne reception i s  one of the pract ical  methods used presently 
The local oscil lator provides to detect frequency or  phase modulated light. 

the frequency reference with which to compare the modulated wave. 
frequency modulated beat frequency is  demodulated by conventional F M  
receiver  techniques. 

The 

A technique for converting phase modulated beams to amplitude 4. J. 

modulation has  been demonstrated using an optical homodyne sys tem 
With proper  adjustment of the phase between the local oscil lator l a se r  and the 
signal beam the PM sidebands become AM sidebands of the local oscil lator.  
Detection of the latter modulation is  conventional. Homodyne amplification 
resu l t s  f rom the fact that the resulting photocurrent is proportional to the 
square root of the local oscil lator beam intensity. A ve ry  stable local 
oscil lator frequency is ,  of course,  required in this system. Another 
disadvantage i s  that a large phase modulation index resu l t s  in a sinusoidal 
r a the r  than a linear representation of the phase modulation. 

:b "A Lase r  Design for Space Communications I ! ,  L. Goldmuntz, IRE 
Convention Record, September 1962, p. 3 0 5 .  
P. Rabinow.itz, et. a l . ,  Proceedings IRE, November 1962, p. 2365. 4- .I. 

e,. .,. 
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5.3 ELECTRO-OPTICAL HETERODYNE 

The frequency of amplitude or phase modulation on a light beam can 
be shifted to  a new value by passing the beam through an electro-optic 
modulator. 

Fig. 5-5 is a schematic  of a heterodyne demodulator for  an  
intensity modulated light beam. 
f 
gection 2. 1 driven a t  a frequenc 
frequency component a t  I f o s  - f rofarnplitude equal to 

An intensity modulated signal of a frequency 
i s  mixed by an electro-optical  light modulator of the type descr ibed  in 

f . It can be shown" that the light beam has a 

r r v  
O )  V J 2  ( v 

B I T V  
A = M cos 

where M i s  the modulation index of the intensity modulated signal, VB i s  the 
DC bias voltage across  the c rys ta l ,  V 
osci l la tor  voltage and V i s  the voltage necessa ry  to produce a half wave 
retardation. 

i s  the amplitude of the local 
0 

The minimum conversion loss is  3.44 (approximately 5.4 db). 

In the case of polarized modulated light the minimum conversion loss 
i s  only 2.4 db. 

Electro-optical  heterodyning provides a convenient method of shifting 
microwave modulated light to video frequencies thus permit t ing the use  of 
photo-detectors which only operate  within this frequency range. The same 
signal to  noise relations discussed in Section 5. 1 for  video detection would 
therefore  be the case here .  

5 .4  DEMODULATION O F  POLARIZATION MODULATION 

As discussed in Section 1, polarization modulation offers  the advantage 
over intensity modulation that there  i s  no loss of the l a se r  signal in the 
process  of modulation and demodulation. F ig .  5-6 shows a polarization 
modulation receiver .  The Wollaston p r i s m  ac t s  a s  though two c rossed  
polarization analyzers  were  acting simultaneously splitting the beam I 
two mutually polarized beams Il and 12. Their  intensity i s  of the f o r m  

into 
0 

T 

t s i n 6  li - 
-I- - -  2 

0 

I2 - 1 
IO 2 - - - - s in  6 

where  6 i s  the optical phase retardat ion 

::: D. J. Blattner and F. S t e r z e r ,  RCA Review, September  1962, p. 407. 
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n3 r v sin w t IT 6 =  - 
A. 

X being the light beam ' s  wavelength, n the index of refract ion of the Pockels  
crysta1,its electro-optic constant and V s in  w t the e lec t r ic  modulation 
impressed  on the crystal .  
be proportional to I and I the light intensity s t r iking their  surface.  The 
output of the photodetectors i s  fed into a difference amplifier and the resul t ing 
cu r ren t  i s  then 

The signal cu r ren t  f r o m  the photodetectors will 

1 2 

i = K 2 Io s in  6 

where K i s  a constant which takes  into account the photo e lec t r ic  conversion 
and the amplifier gain. 

Background noise is reduced in this sys t em since over extensive 
periods of t ime the average noise levels cancel. 
f r o m  the photodetectors i s  fed into a summing amplif ier ,  the signal output 
would be of the form 

If a f ract ion of the c u r r e n t  

i = K ' I ,  

this would allow in the absence of background noise an est imat ion of the 
stability of the transmitt ing l a se r  source.  

5.5 COMPARISON O F  DEMODULATION SYSTEMS 

Table 5-1 offers  a summary  of the mos t  important  advantages and 
disadvantages of the demodulation sys t ems  d iscussed  in this section. Although 
heterodyne and homodyne reception has  a number of advantages over envelope 
detection present  s ta te  of the a r t  i s  not yet sufficiently advanced to make these 
sys t ems  practical .  It would therefore  appear  that  for nea r  future applications 
envelope detection offers  the bes t  possibil i t ies.  
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I 
I Video Detection 

1 
Superheterodyne 

I Homodyne 

1 E le c tr o -optical 
Heterodyne 

TABLE 5-1 

TYPES O F  DEMODULATION SYSTEMS 

Advantages 

1. Simple straightforward system. 

2. Subcar r ie r  demodulation is  
pos s ible. 

1. P e r m i t s  filtering a t  I. F. 
f r e que nc y . 

2. Improved signal to noise ra t io  
specially in presence of back- 
ground noise. 

3 .  Angular discrimination. Very 
narrow beam receiver.  

4. Heterodyne amplification takes 
place since signal power i s  
proportional to L. 0. intensity. 

5. Dark cur ren t  i s  suppressed. 

6. Suitable for F.M. detection. 

1. Optimum signal to noise ratio.  

2. Homodyne conversion gain. 

3 .  Suitable for  F.M. detection. 

~ 

1. Provides optical method of 
shifting microwave frequency 
to video frequency. 

2. Eliminates subcarr ier  before 
demodulation. 

3. Allows use of conventional 
video frequency photodetector. 

Disadvantages 

, l .  Fi l ter ing takes place at  
optical frequencies.  

2. Has lowest signal to noise 
ra t io  a s  compared to other 
sys  tems. 

3 .  Cannot be used to detect F.M. 

1. Increased sys tem complexity. 

2. Requires stable local 
oscil lator and alignment 
between L. 0. and signal. 

1. Same disadvantages a s  

2. Very stable local oscil lator 

superheterodyne . 
i s  required.  

1. Increased complexity of 

2. Conversion loss. 

3 .  Signal to noise ra t io  is 
decreased  as compared to  
video detection. 

sys tem over video detection. 

I 
I 
I 
I 
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6 . 0  TWO TYPICAL TFUNSMITTER-RECEIVER SYSTEMS 

This section will be concerned with two types of l a s e r  systems - a pulsed 
l a s e r  and a cw laser  source.  We will a s sume  the following pa rame te r s :  

cw l a s e r  

low power (6 1 watt) 

pulsed l a se r  

high power (- 10 kw) 

1 pulse per  second 

p u l s e  duration = 1 mi l i sec .  

6 . 1  C - W  LASER 

Since the power output of the c-w l a s e r  is  l imited,  the modulating band- 
width must  be a s  narrow a s  possible.  
t ransmi t  on l e s s  than a 5 kc bandwidth. 
10 te lemetry and 1 voice plus guard bands is 8 kc at a 100 kc center  frequency. 
The individual channels a r e  frequency multiplexed and summed before being 
fed into the modulator. 
input into the modulator amplif ier .  

Existing slow scan  video c a m e r a s  can 
Total bandwidth chosen, including 

An estimated 5 watts is  required to produce a 10 mw 

Polarization modulation was chosen a s  the modulation sys tem because 

This system is shown in 
of low modulator insertion loss. 
3 stage Pockels  cell modulator at 100% modulation. 
Figure 6-1. 

6 watts at 600 v is necessary  to dr ive a 

The polarization modulation is detected by a Wollaston p r i s m  and photo- 
multipliers.  By using comparison ampl i f ie rs ,  the effects of optical c a r r i e r  
variation can be eliminated. 

The subcar r ie rs  a r e  separated by band pass  f i l t e r s  and demodulated. 
Low pass  f i l t e rs  eliminate high frequency components. 
is shown in Figure 6 -2 .  

The rece iver  system 

6 . 2  PULSED LASER 

Since the pulsed l a se r  can t ransmi t  f o r  only a shor t  t ime,  information 
storage facil i t ies a r e  necessary .  
1 pps, an 8 mc  readout i s  required.  10 m c  might be used to allow r e s e t  t ime. 

Fo r  an 8 kc  bandwidth, 1 m sec  pulses a t  
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The light beam is intensity modulated a t  a 3 gc subca r r i e r  frequency. 
wave subca r r i e r  frequency is chosen to reduce modulator power requirements .  
The traveling wave modulator would require 
system is shown in Figure 6-3. 

A m i c r o -  

10 w fo r  307' modulation.. This 

A traveling wave phototube is used to detect  the intensity modulated 
10 m c  information is ret r ieved by conventional superhe ter -  
The modulated light beam will  a r r i v e  at  the rece iver  in 

light signal. The 
odyne techniques. 
shor t  bu r s t s ,  necessitating storage to provide a smooth information rate .  

A pulsed l a s e r  receiver  system is shown inFigure 6-4. 
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7 .0  SYSTEM CONSIDERATIONS 

This section is a continuation of the r e s e a r c h  into basic a r e a s  which 
serve  to establish guidelines for  the sys tem evaluation which follows. In 
par t icu lar ,  atmospheric attenuation is discussed and the salient fea tures  
delineated. 
the tracking and pointing problem and its relevance in achieving a workable 
sys tem 

Then some ra ther  c r i t i ca l  observations a r e  made in regard  to 

7.1 ATMOSPHERIC ATTENUATION IN VISIBLE & INFRARED 

The attenuation of a paral le l  beam in the visible and near  infrared 
frequencies can be attr ibuted to two causes ,  sca t te r ing  and absorption. 
effect of eadh of these will  be discussed separately.  
being considered will be f rom a wavelength of 0 .4  p to 14 p 
angstrom units). 

The 
The frequencycegion 

(1 p = 10- 4 m e t e r s  = 10 

7.1.1 Analysis of Attenuation Curves 

The solid attenuation curve shown in Fig.7. 1 i s  constructed af ter  Gebbie's 
This i s  one of the best  known and mos t  thorough investigations of infra- data '. 

red transmission. 
2264 yds. and 4478 yds. respectively. Three frequencies  were  chosen as  
reference and long time measurements  were  made at these frequencies.  
when scintillations were a t  a minimum, frequency sweep measurements  were  
made. 
nautical mile (2000 yd.)  was constructed. 
to attenuation in db per  mile .  
enough so that the exponential law held in relating his measurements  over  a 
4476 yd. path to t ransmission pe r  nautical mile .  
rece iver ,  and two different c rys ta l  r i s m s ,  result ing,  respectively, in a 
receiver  bandwidth of 0.  02 p (200  % ) ,  and 0..1 p (1000 8). Although the at ten-  
uation curve looks smooth in the high absorption regions,  higher resolution 
shows each band to be made up of many small, a lmost  equally spaced, absorp-  
tion l ines.  
1 angstrom o r  less  7. 
absorption regions, can be extrapolated to path lengths much g rea t e r  o r  much 
l e s s  than the experimental  path. 
attenuation to be expected in these regions. 

Gebbie's data was taken over  two t ransmission paths of 

Then 

Using the three frequencies as reference,  a plot of t ransmission pe r  
In F i g .  7 .  1 this has been converted 

Gebbie assumed that his  bandwidth was narrow 

He used a spectrometer  

To determine effects of each line would require  a bandwidth of 
It seems doubtful that Gebbie's data,  taken in the high 

The curve in Fig.  7. 1 only gives an idea of the 

The curves of F ig .  7 . 2  were extracted f r o m  Gebbie 's  data but were not 
presented by Gebbie himself. Gebbie took data relating t ransmission at inf ra red  
and t ransmission a t  0 .61p ,  in the visible. F r o m  this data,  the expression 

- 0-x T = e  

whe r e  n u =  k X  
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fits to a ve ry  good approximation when n = - 0 . 7 .  
weather conditions and x i s  the path length. 
mission a t  0 . 6 1 ~ ,  

k is a constant dependent on 
Then if we consider the t r a n s -  

1 = 0 .707  l n -  T 
1 In T 0 . 7  

k - X  

and k can be found as  a function of t ransmiss ion  at 0. 61,. 
values of t ransmission,  which i s  expressed  he re  in t e r m s  of visibility, cu rves  
can be plotted of attenuation vs .  wavelength. 
Fig. 7. 2. 

Then f o r  var ious 

These a r e  the curves  shown in 

NOW the problem is to re la te  visibility and t ransmiss ion .  
fo r  a black object of luminance Bb seen against  a horizon background of 
luminence B is  

The cont ras t  

n 

- BX e Bn - Bb c =  B n 

where B is the total attenuation coefficient. If the cont ras t  is equal to the 
threshold value f o r  the human eye, the distance x is the visual range. 
C = 0. 02, the generally accepted threshold for  the human eye, then subst i -  
tuting above 

If 

V = 3.912/B n 

This threshold value of C va r i e s  with background luminance, increasing 
twilight and night. 
mus t  be g rea t e r  than 1/2 minute of a r c  for  these formulas  to apply. 

during 
It a l so  depends on the angular d iameter  of the object, which 

Any attempt to use  these cha r t s  to determine absolute attenuation values 
m u s t  take into account the v e r y  subjective nature  of the p a r a m e t e r s  which m u s t  
be used, particularly in regard  to the Mie scat ter ing attenuation. However, the 
f igures  do indicate t rends and will give reasonably accura te  numbers .  
attenuation found for the HAC Communications l a s e r  link f r o m  Baldwin Hills 
to the Malibu Research Labs shows reasonable agreement  with Fig.  2. The 
accuracy with which these curves  m a y  be used will usually be l imited by the 
accuracy  with which the meteorological p a r a m e t e r s  can be determined. 
a tmospheric  density and p r e s s u r e  have an  effect  on both scat ter ing and absorp-  
tion, these curves a r e  valid only where the data was  taken, in a horizontal  path 
at sea  level. 

The 

Since 
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7.1.2 Atmospheric Absorption 

The t ransmit ter  power which gets to  the rece iver  may  be e x p r e s s e d  a s  
a function of x, the path length, and X , the wavelength as 

d21(x,h ) = -a! ( h  ) I (x, h ) d x d A 

where I i s  the intensity a t  a given x and 
which is dependent on wavelength. 

A , and a! is an  attenuation factor  
Integrating with respec t  to x 

I ( X  ) appears  as a constant of integration and r e p r e s e n t s  the initial 
Integrating once m o r e  0 intensity which may a l so  be a function of wavelength. 

m 
f 

The t ransmission factor  f o r  a beam is defined a s  

/m 

If we a s sume  that Q ,  the attenuation factor  i s  not a function of wavelength then 

- a! R. T = e  

This is the function which is usually used to represent  the percent  of a t r ans -  
mitted beam which is  received a t  a distance R. If Io ( X  ) defines the limits 
of integration to be ve ry  close together,  and a is relatively constant over  the 
range of integration, the exponential law holds. This is t rue  of monochromatic 
beams or  when attenuation is due solely to scat ter ing.  

It is evident that if a! ( h ) var i e s  rapidly in the region of integration, 
This is  the then the t ransmission is not going to follow the exponential law. 

case  when atmospheric absorption is measured  with broadband sources .  F o r  
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this reason much of the experimentally determined data previously obtained 
in regions of high atmospheric  absorption (due most ly  to water  vapor and GOz) 
cannot readily yield the value of the absorption coefficient c1 . Thus experiments  
utilizing other  than narrowband sources do not lead to a prediction of the t r ans  - 
miss ion  lo s ses  expressed in dbs per mile .  
intensity nar row band sources  a r e  now available. 
value of Q! for  a given A 
beam path. Visibility, on the other hand, i s  essentially independent of &ese 
densi t ies ,  except f o r  relative humidity g rea t e r  than 850J0, and depends most ly  
on Mie scat ter ing.  Thus severa l  pa rame te r s ,  such as  tempera ture ,  relative 
humidity and path length a r e  required to determine absorption effects.  
attenuation is usually very high in  the absorption regions and these a r e a s  will 
probably be avoided fo r  t ransmission through the atmosphere.  

With the advent of l a s e r s  such high 
In the absorption bands, the 

in  the 2 depends l inearly on the density of H 0 and CO 

However, 

Nevertheless ,  the possibility of nar row t ransmiss ion  windows within the 
broad absorption regions should not be entirely discounted, par t icular ly  a t  
higher alt i tudes where molecular line broadening due to coll isions should 
sharply decrease .  

7.1. 3 Atmospheric  Scattering 

Attenuation in the atmosphere due to scat ter ing may  be divided into two 
types,  Rayleigh scat ter ing and Mie scattering. 
par t ic les  which a r e  small compared to the wavelength. 
to par t ic les  comparable in size to  the wavelength. 
? A r t i c l e s  a r e  l i s t e d  in  Table 1. 

Rayleigh scat ter ing i s  due to 
Mie scat ter ing is due 

The radii  of var ious air 

Table 1: RADIUS O F  VARIOUS AIR PARTICLES 

Smoke (general)  

S m k e  (from burning oil) 

Haze (general)  

Fumes  (general)  

Fume  s (industrial  sme lte r ) 

Dust (general)  

Fog 

0.001 - 0 .1  p 

up to 1. 0 p 

0.001 - 0.1 p 

0.1 - 1.0 p 

100 p 

1 - 1 0  IJ. 

5 - 50 

Rayleigh scat ter ing par t ic les  follow a relatively constant and predictable 
distribution in the atmosphere so that for  a given altitude and distance the 
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t ransmiss ion  may be writ ten as 

T = e  - Bx 

where 13 is a function of altitude and frequency. This same expression is valid 
f o r  Mie scattering but the attenuation factor  is  no longer predictable.  The Mie 
atmosphere depends on many factors  which do not lend themselves  to analytical  
expression. However, the accompanying graphs present  one method of obtaining 
some indication of the magnitude of the scattering coefficient based on exper i -  
ment ,  and hence the total attenuation p e r  unit distance.  

7.1 .4  Vertical  Paths  and Optical Thickness 

The previous discussion has been concerned with attenuation along 
horizontal paths. Fo r  deep space communications, attenuation along paths 
near  zenith will be of par t icular  interest .  

Consider a monochromatic beam of light originating above the a tmos -  
phere and directed vertically downward. Let this beam str ike the "ground" a t  
altitude A above mean sea  level ; here and in the r e s t  of the paper we use the 
word "ground" to m e a n  any surface which se t s  a lower limit to the t ransparent  
a tmosphere,  whether the surface is ear th  o r  water  o r  the top of a cloud bank. 

I f y =  e e 

chromatic beam which reaches  the ground unscat tered,  then the dimensionless 

numberT ( A o )  = T~ 

location of interest .  

0 

is the fraction of the energy in this ver t ica l  mono- -+,) = - T o  

is  called the optical thickness of the atmosphere a t  the 

This parameter  and its constituent par t s  a r e  ve ry  important in the 
problems under consideration. Given zo and some knowledge about the 
distribution of large sca t t e re r s  in the local a tmosphere ,  we can satisfactorily 
expres s  the attenuation along most  of all other  paths in the local  a tmosphere .  
Additional information is  needed to determine the noise due to sunlight, but h e r e ,  
too, z and i ts  constituent par t s  a r e  of basic importance.  

0 

Closely related to the parameter  zo = z ( A o )  is  the function - r ( A ) ,  the 
optical thickness to altitude A ;  the calculation of this function will  be the major  
endeavor of this paragraph. The function T ( A )  can be readily expressed  in t e r m s  
of the more  common function @ ( A ) ,  the attenuation p e r  unit length at altitude R 
integrating the well-known attenuation equation 

- -  d1 - - @ ( A )  I 
CU 
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along a path f rom above the atmosphere to 1, we get 

OD 

so that OD 
I 

Now, p i s  the scattering coefficient per  unit thickness of air. 
negligible interaction between particles in a i r ,  we m a y  represent  p as the s u m  
of scattering coefficients for  the various constituents of the a i r .  
we m a y  a l so  consider T ( R )  a s  a sum of constituent par t s .  
will be very  useful in the following discussion. 

Since there  i s  

But by ( 3 ) ,  
Such a breakdown 

F o r  1 l e s s  than a few kilometers,  T ( R )  can va ry  over o r d e r s  of 
magnitude at the same location, depending on meteorological conditions; it 
may a l s o  vary  markedly with frequency. 

There 
a r e  basic correlat ions between T ( a )  f o r  given R and the geographical location 
and type of air m a s s  present :  T ( a )  tends to be g rea t e r  fo r  higher ground 
level,  dec reases  with distance from man-made cen te r s  of pollution, and tends 
to be g rea t e r  in the presence of polar air m a s s e s  than in the presence of tropical 
masses.  

F o r  example,  in the visible range, 
T (0)  ranges f rom a few hundredths to the o r d e r s  of tens o r  higher.  

We note that ~ ( 1 )  i s  a logarithmic measu re  of loss .  To convert  this 
to decibel l o s s ,  we simply multiply by 10 loglo e = 4 .  3 4 .  

7.1.  5 Attenuation Due to Rayleigh Scattering 

The Rayleigh optical thickness is a function of altitude above sea  
level;  it  i s  fixed except f o r  seasonal and 's oca1 riations too smal l  to be of 
concern here .  It w s studied by Deirmendjian", with additional calculations 
in the C-D-S tablesA, and we shall summarize the resu l t s  here .  The Rayleigh 
optical thickness to sea level,  T (0)  i s  plotted in Fig.  7.3 as  a function of 
wavelength; in the visible r ange ,5 t  va r i e s  f r o m  about 1. 0 in the violet to about 
0. 0 3  in the red.  

The numberical  tabulations of the cited au thors  can  be represented in 
good approximation by the following empir ica l  formula: 

- 4 .  08 (0)  = 8. 5 x A T R  
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Here h is wavelength in microns  (this unit is convenient for  calculations),  
and R i s  measured  in ki lometers .  

7 .1 .6  A Note on Absorption 

When absorption is present ,  it can be accounted f o r  as  another additive 
component T of T .  In the light and nea r  infrared regions of the spectrum mos t  
absorption is due to H 0 vapor .  C02 and 03, although other gases  have minor  
effects. 
caused mainly by 0 In the near  infrared,  the effect of O3 
is important only between 9 microns and 10 microns.  
extremely high absorption in quite a few bands in the infrared,  and C 0 2  con - 
t r ibutes  a band around 4. 5 microns.  

A 
2 In the visible range the absorption is negligible; what little is there  is 

in the ionosphere. 3 Water vapor causes  

F o r  infrared propagation, the wisest  thing is to avoid the heavy absorp-  
These tion bands and use the "window" frequencies where absorption is minor .  

windows a r e  given in ayy standard work on inf ra red ,  o r  in Chapter 16 of the 
Handbook of Geophysics. A typical plot is given in Fig. 7.4. 
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7 . 2  THE TRACKING AND POINTING PROBLEM 

A necessa ry  condition for any communication problem is the establish- 
ment of an energy propagation path between the source and destination points. 

Thus, any attempt to communicate with a space vehicle using directional 
antennas is underlined by the fact  that the antennas should be within the beam- 
width of each  other. 
beamwidth (field of view) of the antennas becomes sma l l e r  and smaller .  
other hand i t  is c lear  that  the smaller  the beamwidth of the antennas is, the 
l e s s  the total  power required to  be radiated at the transmitt ing end in o rde r  
to a s sume  a cer ta in  power level at the receiving end. This high directivity 
is one of the at t ract ive features  which the laser  presents  as a communication 
instrument.  However, the utilization of the extremely nar row beamwidths 
possible presents  the ser ious problem of aligning the antennas. 
of this problem and i ts  relation to the over-al l  sys tem performance is given in 
this section. 

The problem becomes more  and m o r e  difficult a s  the 
On the 

A clarification 

7 .  2. 1 Assumptions 

The following assumptions have been made: 

A. The position of the deep space vehicle (DSV) is known at long 
distances to an angular uncertainty y smai ie r  than the hair' 'oearr i -  
width Bb. 
of DSIF (Deep Space Instrumentation Facil i ty) operations,  and the 
l a se r  beamwidth under consideration. 

This assumption is reasonable in view of the experience 

B. The beamwidth 2 eb is the angle between half power points in the 
radiation pat tern of a diffraction limited c i rcu lar  aper ture ,  i. e. 

(1) A 
d eb = 1.02 - 

Where, X is the operational f ree  space wavelength, and d is the 
diameter  of the antenna under consideration. Moreover the 
radiation power is assumed to be uniformly distributed over the 
beamwidth. 
receiving antenna (dual of the transmitt ing antenna). 

Observe that the same assumptions apply for the 

This assumption is justified due to the observed extremely small  
bandwidth and spec t ra l  purity of the l a se r  radiation. 
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C. The pointing uncertainty 8 
of the angular displacemefft over which control cannot be 
exercised. 
antenna i s  equally likely to be at any point within t 8 
the nominal (ordered)  value. 

of the antenna i s  the amplitude 

Hence it i s  assumed that the position of the 
f r o m  

- P  

This assumption i s  ar t i f ic ia l  and equally well we may assume 
any symmetr ical  distribution about the nominal position of the 
antenna. Here,  however, we assume the s implest  in o rde r  to 
s t r e s s  the principles involved ra ther  than computational 
techniques. 

7.  2 .2  Discussion 

Let us  now examine the implications of the assumptions made. 
Observe that by assumption (A), i f  it was possible to position the antenna 
without e r r o r ,  the DSV could be acquired with probability one. 
because the beam illuminates a cone of half angle 8b i ,  l a rger  than the 
angular uncertainty y of the DSV position. 

This is 

However the uncertainty of pointing the antenna accurately gives a 
probability that the DSV will be illuminated which i s  l e s s  than one i f  BP1>2 8bi.  

This probability is  the product of the probability that the DSV i s  in 
within the nominal angle t 0 

probability that it is within the beam, which i s  

(which i s  one because ePi >y)  t imes  the 
- p i  

Now assuming that the DSV i s  illuminated, it is possible to find the 
Thus direction of propagation of the radiation to a degree of accuracy,  6 . 

the on-board antenna may be pointed in this direction with a pointing accuracy 
e 
antenna is: 

> 6 .  Hence the probability of aligning the DSV antenna to the ground 
p2 

0b2 
P2 = 28 

p2 

where again we assume that the target  (here  the ground antenna) i s  witkin 
the cone of angular uncertainty of pointing the DSV antenna, i. e. > 6. 0 

p2 
Therefore  the probability that the two antennas a r e  within the 

beam of each other i s  
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7. 2.3 Radiated Power vs. Pointing Accuracy 

The power P received by an antenna aligned to a t ransmit t ing 
antenna is given by t%e well known relation 

where Pt = t ransmit ted power 

8bl = t ransmit ted beam cone half angle (diffraction limited see  e. g. (1))  

Ar = receiving antenna aperture  

R = distance between the two antennas. 

Notice that assuming a diffraction limited antenna on the receiving 
end and a beam cone half angle 8b2, we have 

%- = i.02 
@b2 

where d2 is the diameter  of the antenna receiving aperture .  

2 
L 

lr A = -;T (1.02 -) 
*d2 Then 

- 
b2 Ar - 4 

Substitute in ( 2 )  solved for Pt, to obtain: 

3 

(3)  

(4) 

"I  "2 Pt = Pr 
1.04 h 2  

Now the minimum required power level may be given a s  a product, 
called signal to noise ra t io  (SNR), of the noise power which he re ,  
assuming that background and detector noise is negligible compared with 
signal (photon) noise, is  given by 

N = h -  ' B  
A 
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-34 
where:  h = 6.6252 x 10 watts,  i s  the Planck 's  constant 

c = 3 x 10 8 m velocity of electromagnetic energy propagation in vacuum 

B = operational bandwidth 
and 

The ref o r e - 
= (SNR)min N = (SNR)min h L B 

Prmin x 
Hence 3 

(5) 

Here we may assume that we have the s a m e  anteniias at both ends, i. e. 

= Ob to obtain: - 
'b, - 'b, 

1 L 

Now it i s  c lear  that the smal le r  the beamwidth, the smal le r  the power required 
to be transmitted,  the r e s t  of the pa rame te r s  being held constant. 
this cannot be done indefinitely, the main obstacle being the pointing accuracy. 

However, 

F r o m  the previous discussion is evident that the beam cone half angle 
8 should be larger  than the pointing uncertainty, 8 
b P' 

That i s ,  €Ib 'Z K 8 
P' 

The value of K depends on the par t icular  distribution of the random displace- 
ment of the antenna f rom i ts  nominal value and the des i red  probability to 
illuminate the target  successfully. 

Hence we get f r o m  (6)  
4 2 8  4 K 4 h c B R  

= (SNWmin 1. 04 , om 
Pt 

This equation makes c lear  the importance of improving the pointing 
accuracy,  fo r  the saving in transmitt ing Power improves a s  the 4th power of 
any improvement made on 8 . Fig .  7 . 5  i l lustrates  this relationship. 

P 
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Caution should be exercised in interpreting equation ( 7 )  in t e r m s  of X .  
It appears  that it i s  advantageous to go to lower frequencies (longer wave- 
lengths). However, lower frequencies mean l a rge r  aper tures  for fixed gain 
and thus grea te r  weight. Moreover, detector sensitivity, for existing detectors  , 
falls  off even more  rapidly than the cube with wavelength. 

It seems that optimum wavelength may be in the near  IR region. In 
relation to  pointing accuracy the present s ta te  of the a r t  leaves much to be 
desired,  Fo r  economincal application of l a s e r s ,  and deep space communication 
links in general ,  improvements of the pointing accuracy and attitude control of 
order  of magnitude o r  more  of the present s ta te  (assume to be 10 CL 
a r e  required.  
l a se r  provides a promising instrument. 
perhaps be applied, in connection with the coherent, highly monochromatic 
radiation available, to measu re  angles and angle r a t e s  with increased precision. 

r ad )  

Interferometer techniques could 
For  such extreme accuracies in sensing and controlling, the 

Also a r r a y  phasing techniques may be employed to position accurately 
a l a se r  beam, provided attitude control of the same order  of magnitude can 
be made available (It i s  of interest  here  to note that the OAD requi res  attitude 
control to  0. 2 seconds of a r c ) .  

Finally, improved detector sensitivity a t  the longer wavelengths would 
be quite profitable if such can be obtained. 
f r o m  the inverse cube dependence on wavelength which resu l t s  f rom the 
increasing photon noise at higher frequencies. 

This desirabil i ty s tems essentially 
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8 . 0  SYSTEM EVALUATION 

The following discussion delineates some of the major  fac tors  
that contribute to the selection of the best  sys tem f rom communication 
links considered in this study. 

Each communication link is divided into two par t s  by direction 

In some instances it i s  
of transmission. The t ransmi t te r  power required a t  each station to 
overcome the background noise is also given. 
not the limiting factor  while in o thers  the power needed exceeds the 
maximum power capabilities of the present s ta te-of- the-ar t ,  thereby 
making a particular link l e s s  desirable  by forcing a reduction in the 
capability by narrowing the beamwidth o r  limiting the operating time. 

Table 8 . 3  gives the values for the sensit ive pa rame te r s  but in 
general ,  the obvious conclusions derived from the table a r e  insensitive 
to the state-of-the-art .  As an example, consider a breakthrough in the 
maximum power capabilities of l a se r s .  This would apply equally well to 
all  of the links and i t  is not likely to change any decision a s  to the bes t  
sys tem to develop. 

The next phase of this study wi l l  be a continuation of this evalua- 
tion phase. 

8. 1 TRANSMISSION LINKS 

8 . 1 .  1 F r o m  Moon to Deep Space Vehicle 

The ecliptic missions put the moon in an advantageous position 
It orbi ts  the ear th  about once every  28 days a t  an for a relay station. 

inclination of about 5O to the equator which in turn is inclined with 

VISIBLE REGION 

, 

DIP ANGLE 

-EARTH STATION . \ 

Figure 8-1. Lunar Pole  Field of View 
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respec t  to the ecliptic about 23-1/Z0. 
and rotation r a t e  a r e  such that i t  keeps the same face toward the 
earth. The combination of inclined o rb i t  and axis  orientation makes 
a couple of regions on the lunar surface visible, f rom both the ea r th  
and most  of the deep space vehicle positions in the ecliptic. 
a t  the lunar poles. 
polar axis is not exactly orientated perpendicular to its o rb i t  plane 
when selecting a particular spot in the vicinity of the pole. 
mountain can be selected at the pole that is  isolated from other 
mountains equally high by a few miles,  considerably more  than a 
hemisphere of visibility could be made available, (F igure  8. 1). 
i s  principally due to the diameter of the moon being smal l  allowing 
a l a rge  depression angle (DIP) of equal altitude points when only 
slightly removed in distance. By taking advantage of this relationship 
only one moon station is needed to continuously see both the ea r th  and 
the deep space vehicle. 

The moon's axis of orientation 

These a r e  
Allowance can be made for the fact  that the moon's 

If a high 

This 

Many advantages of a moon base  a r e  immediately apparent. 
Continuous coverage of deep space operations a r e  possible. 
t ransmit ta l  data f rom the.vehicle may  be sent directly to the ground 
without necessitating any bulky storage capacity a t  the source. The 
moon base,  not being limited by weight (multiple vehicles can deliver 
the required equipment) can i f  necessary process  o r  s to re  the infor- 
mation for future use. 

All 

F o r  a minimum equipment of moon and space vehicle link, 
more  than one ea r th  station is needed to provide continuous coverage. 
Three a r e  sat is iactory to provide a reai t ime T-< recepiiuu S U L ~ A  iis 
would be required for a hard intercept (impact) of Mars  by an 
instrumented probe. 
instrumentation data in the link, about 1 3  hours of s torage data  a r e  
needed. 

F o r  only one ground station and no loss  of 

Only one mission plane, the selection of which is very unlikely, 

Here  once each month the moon will 
will not provide continuous coverage capability. 
involving the ear th  -moon orbit. 
be occulted by the ear th ,  but only for  a brief 21 minutes. 
only 0. 05 percent  of the total time, hardly worth considering. 

This is the one 

This is 

There  is a smal l  probability of other planets occulting the 
moon for extremely long range missions, 
to Jupi te r ,  Mars  would block the view for only a few minutes every 
687 days and then only i f  the two intersecting o r  coinciding planes 
contained a l l  three bodies (Moon, Jupiter and Mars) .  

F o r  example, on a mission 

The other possibility i s  the interference f rom the sun. 
interference (if  res t r ic ted  to occultation only) would occur only at 
opposition (moon and deep space vehicle on opposite sides of the sun). 

This 
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The full blanking would occur only during the t ime the sun ' s  1/2 degree 
disk coincides (assume 1 astronomical  unit distance to sun),but the 
sun ' s  appreciable atmosphere (corona) extends out a considerable 
dis tance making the apparent sun's disk much la rger .  
t h e  type that would give this condition would probably be one where 
apparent change in relative position of the moon with respec t  to the 
sun would be quite slow requiring severa l  weeks without communication. 
This type of mission is not likely to be used. 

A mission of 

There may- be a mission where one lunar pole is favorable 
for some par t  of the t ime and the other pole more  favorable for the 
remainder  of the mission. 
on each pole but only one used a t  a time. 

This could requi re  two re lays  se t  up, one 

Background 

Several types of background noise exis t  depending on the 
location of the two stations. The deep space vehicle, when looking a t  
the illuminated side of the moon for a t ransmit ted signal, mus t  d i sc r im-  
inate the signal f r o m  a l l  the ref lected sunlight, this is  the wors t  case  
i. e. , the vehicle is in such a position that i ts  ent i re  field of view i s  
illuminated. Assuming a beam width of 10 microradians,  the field 
of view will include a c i rcu lar  section of the moon's surface 500 mi les  
in diameter .  
distance away (3. 84 x l o 8  meters )  is  0. 292 lumens pe r  square  meter .  
(LUX).  
7. 5 x 1 0 - l 3  watts per square cent imeter  (1 lumen 
This says  that for a signal to noise ra t io  of 10, the lunar t ransmi t te r  
mus t  send in the direction of the space vehicle sufficient energy to 
impar t  on a surface 50 million mi les  away 7. 5 x 10-12 watts pe r  square 
centimeter.  
115 db a s  given in table 1. 3 of the previous repor t ,  and the rece iver  uses  
a 10 angstrom bandwidth fi l ter  removing 99. 9 percent  of the noise 
power a t  the frequency selected,  the t ransmi t te r  will have to send out 
25. 6 watts. 
the signal to noise ratio o r  bandwidth i s  reduced proportionally. 

The illuminance of the moon when viewed a t  ea r th  

Extending this out to 50 million mi les  the moon appears  a s  
1. 496 x watts). 

Assuming the moon t ransmi t te r  has  an antenna gain of 

If we assume a reasonable power maximum of only 1 0  watts 

Actually, this i s  very pessimistic.  The moon i s  not always 
full but goes through phases  depending on the location of the space 
vehicle and sun.  The amount of background illuminance fal ls  off 
rapidly a s  the phase angle increases .  Figure 8. 2 shows the amount 
of power required to overcome the background noise. 
l imit  is  10  watts, only slightly more  than 21 percent  of the t ime will 
the signal to noise ratio (S /N)  be l e s s  than 10. 
orb i t  missions the S / N  will never be l e s s  than 10. 
diminishing phase angle, the ent i re  field of view will not always be 
covered by reflected sunlight. F o r  missions in the ecliptic,  somewhat 
l e s s  than half of the field of view will be illuminated due to the p re fe r r ed  

If the power 

F o r  mos t  outside ea r th  
Besides the favorable 
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installation on the moon being a t  the poles where slightly more  than 
half of the cone angle of acceptance m i s s e s  the moon entirely. 

The  10 angstrom bandwidth f i l ter  leaves a fraction of the 
background noise dependent on the frequency selgcted. Looking at 
the spectral  distribution of the reflected sunlight (F igure  8. 3) a 
selection of a l a se r  frequency l e s s  than 0. 4 microns  o r  m o r e  than 
0. 7 microns gives a factor better than 1 p a r t  pez+1000. 
picking 2. 36 micron, the frequency of Ca F2 Dy 
irradiance of only 1 p a r t  in 20,000.  However, detector sensitivity 
diminishes more rapidly with X than this effect, and for shor te r  X , 
signal noise increases ,  adequate l a s e r s  a r e  not yet available, and 
detector sensitivity does not improve significantly. 

Fo r  example 
, gives a noise 

Because the moon station will be on the apparent edge of the 
moon, the background may a t  t imes  contain the ea r th  which has  an 
albedo 4. 92  t imes a s  g rea t  a s  the moon. 
s a m e  conditions above, the transmitted power required will be more  
than 76 watts, but only for  72 minutes of each month, and then only 
if  the orbi ta l  plane of the moon-earth and moon-vehicle line coincide, 
It i s  possible that the sun will be in the background which would p ro -  
hibit communication. 

This means that for the 

This is not likely to occur during most  missions.  

The lunar station looking a t  the space vehicle for a signal does 
not have to contend with the high background most  of the time. 
lowers the vehicle t ransmit ter  power requirement  and (or)  antenna 
aper ture  s ize .  
bodies in the background for  pa r t  of the time. 
under the worst  background conditions, l1fu1l1l Mars  in view, will require  
a transmitted power of 2 2 .  6 watts with the same assumptions of 
antenna gain etc. 
0. 134 watts of vehicle transmitted power is required.  If inferior 
missions (inside the ear th  orbit)  a r e  selected,  such a s  to Venus the 
sun will only illuminate the other side of the planet and the moon 
based station will look a t  the dark  side of the planet for  a background, 
and will not se e a "full" Venus except for  the special  mission a t  
opposition. 

This 

Some missions may place one of the other solar  sys tem 
A mission to Mars  

To overcome the background noise of Jupiter only 

8.1. 2 F r o m  Deep Space Vehicle to Moon 

The same arguments hold for t ransmiss ion  in this direction as 
in the reverse  direction jus t  mentioned. 
sensitive equipment can be mounted on the lunar surface than on the 
space vehicle. 
mission capability, but the lunar based rece iver  can  have a l a rge r  
antenna capture area.  
be used while a 40 inch is not unacceptable for  the lunar mounted 
equipment. 

It is assumed that l a rge r ,  more  

The space vehicle may not have the high power t r ans -  

A twelve inch m i r r o r  on the space vehicle can 

The one big difference is the amount of power needed to 

1 
I 
I 
8 
I 
I 
I 
8 
1 
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overcome the background noise. Most noise,  when viewing the vehicle 
f rom the moon, wi l l  be f rom the star background. The grea tes t  
concentration of s t a r s  is in the direction of the galactic equator. There 
a r e  about five t imes a s  many stars pe r  unit solid angle in  this direction 
as the average over the whole sky. 
poles, the density of the s t a r s  is only about 1/5 the average. F o r  
missions in the ecliptic, where all out planets l ie,  the regions of high 
star density w i l l  be encountered about once every  6 months. Since the 
galactic plane has  considerable width, a 6 month mission will have the 
galaxy in the background for  about a month. 
to deep space must  consider the worst  c a s e  in determining t h e  transmitted 
power required to overcome this background. 

In the direction of the galactic 

Any communication link 

The noise energy distribution is not uniform, but consists of 
strong discrete sources  with almost  nothing in between. 
field of view the probability of an interfering s t a r  depends on the 
density distribution of the stars which have sufficient noise power to 
serve as sources of signal interference.  F igure  8. 4 shows a plot of 
the s te l la r  illuminance a s  a function of the number of s t a r s  per  square 
degree. 
interfering encounter increases  with increased sensitivity. By setting 
the probability of interference a t  some acceptable value like P = 0. 01 
(i. e . ,  1% of the t ime noise will be a problem) and picking the field of 
view of 10 microradians,  the noise power is found to be 2. 5 x 10-20 
wat t s  per  square centimeter f rom the direction of the galactic center 
setting the signal to noise ratio at  10 gives a received signal power 
requirement  of 2. 5 x watts pe r  square  centimeter.  This is  the 
amount of power p e r  unit a r e a  that mus t  a r r i v e  at the rece iver  f rom a 
t ransmi t te r  located 50 million miles  away. 
mitted is determined by the equation: 

With a smal l  

F r o m  this curve it can be seen that the probability of an 

The amount of power t r ans -  

2 
4 R PR 

K pT = 
GT 

where 

PT 

PR = power received, in wat t s lcm (background noise t imes  S / N )  

= power t ransmit ted,  in watts 

2 

R = range, in cm 

GT 
= gain of transmitt ing antenna (1 16  db) 

K = f i l ter  constant (1000 for 0.6943 microns)  
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The gain of the transmitt ing antenna is determined f rom its 
size and the frequency used. 
be res t r ic ted  to a diameter  of 1 2  inches and the frequency is 0. 6943 
microns giving a gain of 1 1 6  db o r  3. 1 6  x l o l l .  

It is  assumed that the vehicle antenna will 

The spectral  distribution of the stars is assumed to be the 
same a s  for  our sun (shown in Figure 8. 3 ) .  A fi l ter  is  used to remove 
the energy outside the desire& band. F o r  0. 6943 microns,  the fi l ter  band- 
width was assumed to be 10 A , corresponding at that frequency to a 
f i l ter  constant K of 0. 001  pa r t  of the total s te l lar  radiation. 

The required t ransmit ter  power is then found to be 8.58 x 
Since the expected t ransmit ter  power available is many o r d e r s  watts. 

of magnitude grea te r ,  the probability of encountering s t a r  background 
interference becomes negligibility small. 

Other types of noise also should be considered. In addition 
to the possibility of occulting f rom the ea r th  which is identical to 
that mentioned in section 8. 1. 1 there  is the chance that a planet will 
be in the background. This i s  a very remote  possibility and if it 
did occur it would only l a s t  for a few minutes a t  most. 

8. 1. 3 F r o m  Synchronous Satellite to Deep Space Vehicle 

This transmission beam, like the one in r eve r se ,  is obstructed 
by the moon and ear th  occulting the space vehicle f rom view, but 
only when the space vehicle is in the plane of the satell i te and respect ive 
body. The moon can only interfere  once a month and then only for 
about one hour at worst ,  whereas the ea r th  may interfere  once a day 
for about 1 - 1/4 hours. These a r e  easi ly  avoided by selecting the 
right inclination angle for  the satell i te thereby allowing continuous 
coverage for  the ent i re  lifetime of the average 6 months mission. 

The background noise, when looking at the satell i te f rom deep 
The worse case  space is principally dependent upon the s t a r  density. 

for s t a r  background is  when the center  of the milky way (our galaxy) 
is direct ly  behind the satellite. 
used on the satellite a s  it is  on the space vehicle in t e r m s  of antenna 
gain and frequency, the satell i te must  t ransmi t  the same  power as 
the deep space vehicle does,  i. e. 8. 58 x 10-7 watts,  to give S / N  = 10 
against  the background noise. 

Assuming the same equipment is 

In addition to the occulation of the satell i te by the ear th  each 
day fo r  72 minutes,( for the special  mission when the deep space 
vehicle i s  in  the orb i t  plane of the sa te l l i t e ) ,  an equal time will be 
spent in t ransi t  with the ear th  a s  a background. When the ea r th  is  
full (the wors t  case) ,  the power required for a signal to noise ra t io  of 
10  goes up to 130. 5 watts. The ea r th  goes through phases  where the 
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average background power diminishes. F igure  8. 5 shows a plot of 
e a r t h  phase angle as a function of power requi red  to overcome it a s  
a background. It can be seen  from the curve that if the maximum 
transmit ted power is l imited to 10 watts,  the signal to noise ratio 
of 10  o r  m o r e  will occur  for 5070 of the t ime of transit .  
of saying this is that reception is possible when the space vehicle- 
satell i te-sun angle is grea te r  than + 90 degrees .  The only other  
large background source is the sun; communicat ion against  this source  
is  imprac t ica l  due to the extremely large power requirements .  I t  
may be possible  in the future to select  a frequency either much higher 
o r  much lower that wi l l  pe rmi t  the sun to be in the background and 
s t i l l  p e r m i t  moderate  t ransmission power levels. 
miss ion  profiles must  be selected to avoid the sun, 

Another way 

Until then the 

8.1.4 F r o m  Deep Space Vehicle to Synchronous Satellite 

The selection of a satellite for  a r e l ay  has  the advantage of 
not being blocked f rom the view of the deep space vehicle very  often. 
If the right orbi ta l  inclination is selected,  the satell i te can see  the 
space vehicle continuously for several  months. 
satel l i tes  this inclination angle approaches the no rma l  to the ea r th -  
space vehicle line of sight. 
vehicle moves to a position in  the orbi ta l  plane,  the space  vehicle is 
occulted for near ly  half the time, If the orb i ta l  altitude is increased 
the percent  of t ime  occulted is reduced as well a s  the inclination 
angle required for  continuous coverage. 
reduces  the number of ground stations needed for continuous coverage. 
When synchronous height (22,  300 miles)  is reached ,  only one ground 
station is needed. 
deg rees  with r e spec t  to the ecliptic) mos t  missions in the plane of 
the ecliptic, where al l  the planets l ie ,  will have continuous coverage 
fo r  about 6 months. Those two t imes  a yea r ,  when the deep space 
vehicle will be in the orbital  plane of the satell i te,  occultation will 
occur  due to the ea r th  once each day for  a maximum of 72 minutes. 
The moon will at t imes  interfere with communication in a s imi la r  
manner but never more  than once a month and then for  l e s s  than a n  
hour. 

Fo r  low altitude 

When the o rb i t  p r e c e s s e s  o r  the space 

This  increased  height a lso 

If an equatorial inclination is selected (23-1/2 

The background noise will be a maximum when the galactic 
center  is behind the deep space vehicle. 
galactic center  is found to be 2.5 x 10-20 watts p e r  squa re  cent imeter  
(sect ion 8.1. 2). 
with a signal to noise ratio of 10 is 2. 5 x 1 0 4  watts p e r  square  
cent imeter .  
the space vehicle f rom equation (1 ) gives 8. 58 x 10-7 watts. 

The noise power f rom the 

The signal power needed to overcome this noise 

Computing the amount of t ransmi t ted  power required of 
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8. 1. 5 F r o m  Ear th  to Deep Space Vehicle 

The atmospheric  effects play a big role  in this path length. They 
a r e  discussed in p a r t  in section 7 of this repor t  *and in section 2. 3 of 
the previous progress  report .  

A single ground station will be able to t ransmi t  to the space 
vehicle fo r  l e s s  than half t ime due to the ear th  rotation moving the 
station out of view. 
selected,  clouds should not appear a s  a severe interference problem. 
The space vehicle may periodically be eclipsed by the moon, but 
the probability of this occurance i s  quite low. 

If the station location on ear th  is carefully 

B ac ke round No i s e 

The satell i te mus t  look at  an average ear th  background when 
This is based on 'full' of 3. 69 x 10-12 watts p e r  square centimeter. 

an average  albedo of 0. 29 which is t rue  for bare  d e s e r t  areas .  Actually 
the albedo var ies  considerably depending on the region viewed. It  
may be as low as 0.04 for recently turned r ich  black soil, o r  a s  high 
a s  0. 76 for  glazed snow. Table 8.1 shows the albedo for different 
d e g r e e s  of ground surface. 
involve long periods with no clouds which accurately descr ibe most  
of the d e s e r t  regions. The clouds themselves ,  when present ,  offer 
a high apparent brightness as shown in Table 8. 2. 

The desirable  co nditions for good receiving 

Using the above background noise and assuming a desired signal 
to noise ra t io  or* 10, 
be 3. 69 x 10-1 1 watts per  square centimeter a t  the deep space 
vehicle. 
the edge of a tmosphere is 
The daytime atmospheric  image motion i s  involved he re  so the 10 
microradian  beam width should be replaced with something more  
rea l i s t ic  like a 50 micron  radian one, giving an increase  in power 
required of 25 (50/10)2  to 2080 watts. 
constant of 0. 5 ,  the transmitted power then becomes 6160 watts. 
At night this is reduced to 1.17 x 10-7 watts for the 10 microradian  
bea mwid th. 

iiie r e c e i v e d  S i g i i L l  ~ G - G E ~  r q i i i r ~ d  is k - ~ d  t~ 

F o r  this amount of power received, the power required a t  
123.2 watts with a f i l ter  factor  -of 1000/1. 

Using an atmospheric  attenuation 

8. 1. 6 Deep Space Vehicle to Earth 

Transmiss ion  directly to a single station on ea r th  f r o m  the deep 
space vehicle can be accomplished for  considerably l e s s  than half of 
the t ime pr imari ly  due to the earth turning on its axis  and removing 
the station f rom view. 
ground near  the horizon uncertain. 
a r e  given in the previous progress  r epor t  in section 2. 3 called "Com- 
munication Channel Charac te r  i s  tic s It. 

The atmosphere makes reception on the 
The reasons for this uncertainty 

F o r  continuous coverag e,  a t  
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TABLE 8.1 Spectral  Reflectivity of Solid Ground Surfaces 

(After Krinov as Quoted in Handbook of Geophysics) 

1 Type of Measurement and Type of Surface 

Measured f rom Ground: 

F r e s h  Fallen Snow 

Snow Covered with a F i lm  of Ice 

Lime stone, Clay, Similar Bright Objects 

Sand, Bare Areas  in Deser t ,  Some Mountain 
Outcrops 

Podzol, Clay, Loam, and Other Soils;  
Paved Roads and Some Buildings 

Black Earth,  Sand Loam, Ea r th  Roads 

Coniferous Fores t s  in Winter 

Coniferous Fores t s  in Summer;  Dry  
Meadows; G r a s s  in General  Excluding 
Lush Grass  

Deciduous F o r e s t s  in Summer,  Lush G r a s s  

Fores t s  in Autumn, Ripe Field Crops 
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WAVELENGTH 

6943 

0. 71 

0. 76 

0. 72 

0. 29 

0. 17 

0. 04 

0. 06 

0. 14  

0. 18  

0. 31 



TABLE 8. 2. Reflectivity of Various Cloud Types 

( F r i t z )  

CLOUD TYPE 

S tr ato cumulus , Over c a s t 

Altostratus,  Overcast  

C i r ros t r a tus  and Altostratus 

C i r ros t r a tus  , Overcast  

Very dense clouds of extensive 
area and g rea t  depth 

Dense clouds, quite opaque 

Dense clouds, near ly  opaque 

Thin clouds 

Stratus, Overcast ,  
Thickness grea te r  than 800 ft. 

S t ra tus ,  Overcast ,  
Thickness 600 to 800 ft. 

Stratus ,  Overcast ,  
Thickness less than 600 ft. 
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REFLECTIVITY 

0. 56 - 0. 81 

0.39 - 0.59 

0.49 - 0. 64 

0. 44 - 0. 50 

0. 78 

0. 55 - 0. 62 

0. 44 

0. 36 - 0. 40 

0. 60 - 0. 74 

0. 38 - 0.70 
Usually 0. 20 - 0. 50 
Occasionally higher 
o r  lower. 



l eas t  3 ear th  stations a r e  required a t  about 120  degrees  increments  
of longitude. 
cloud cover or  extreme atmospheric turbulance. 
States ,  Arizona offers some locations that have 360 days a year  c lear  
weather. In Africa there  a r e  some a r e a s  where no mois ture  has  
fallen for a decade. Even multiple ea r th  stations does not i n su re  
continuous coverage but near ly  so. When the space vehicle is in the 
orbi ta l  plane of the moon there  is a probability of 0. 5 that  the moon 
will block the space vehicle f rom view once each month for about 
58 minutes. 
space vehicle during very  long range missions but the probability of 
this occuring is very low. 

These stations must  be located away f rom a r e a s  of 
In the United 

It is  possible that other so la r  bodies cou1.d occult the 

Background noise 

The background seen  by the ea r th  statior. is quite varied. At 
low latitudes during the night it approaches the s t a r  background l imit  
but during the day when the atmosphere sca t t e r s  sunlight it is 
much higher. F o r  a daytime cloudless sky using a 10 microradian 
beam width, a f i l ter  of 10 angstroms width, and the standard so la r  
spectral  distribution, the .sky background looking up f rom the ea r th  
is 1. 9 6  x 10-18 watts per  square centimeter.  If we des i r e  a signal 
to noise r a t i o ,  of 10, we need power delivered a t  1. 96  x watts 
per  square centimeter a t  the ground. Assuming an atmospheric  
attenuation of 0. 5 the power needed just  above the atmosphere is 
3.92 x watts/cm2. This a s sumes  zero thickness a tmosphere 
which is an acceptable approximation when considering a 50 million 
mile range. 
special problem appears  with this type of link involving the atmosphere.  
The daytime atmosphere turbulance causes  image motion sufficiently 
large to periodically r e su l t  in complete loss  of signal for  a 10 micro-  
radian beamwidth. Since the power required is proportional to the 
square of the beam width. an increase  f rom 10 microradians to 50 
microradian causes a 25 fold (50/10)2 increase  in power. The 50 
microradian beamwidth power requirement  i s  then 3-34 watts..  If 
a beamwidth of 100 microradians is used, the power requirement  is 
13.4 watts. 

The t ransmit ted power required i s  0. 134 watts. .  A 

The night sky background is about 5 o r d e r s  of magnitude 
smal le r  giving a transmitted power requirement  of about 4. 25 x 10- 7 
watts for  a 1 0  microradian beamwidth. 
not required o r  i f  multiple stations a r e  permit ted on  the ear th ,  the 
advantages of the low power requirements  of the night sky can be used. 
Assuming t ransmission is possible start ing 30 minutes a f te r  sunset  
and continues until the ea r th  zenith look angle is l imited to 75 degrees  
(15 degrees  f rom horizontal), the useful phase angle can  approach to 
within + 157-1/2 degrees.  
seeing conditions near  the horizon. 

If continuous coverage is 

These l imits  a r e  due to twilight and bad 
Figure  8. 6 shows the useful t ime 
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PHASE ANGLE, DEGREES 

Figure  8-6.  Useful Night Time of Single Ea r th  Station 
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of a single ear th  station as a function of the phase angle. 
coverage i s  desired the number of equally spaced stations needed can 
be found by the ratio of 2 4 / T  where T is the t ime of a single station's 
usefulness in hours  taken f rom Figure 8. 6. 

If continuous 
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25. 6 watts  

TABLE 8 . 3 .  SYSTEM CHARACTERISTICS 

7.5 1 0 - l 3  
watts / c m 2  

LINK 

w a t t s  

Mcon to DSV 

watts / cmL 

~~ 

DSV to Moon 

Sat. to DSV 

DSV to Sat. 

E a r t h  to DSV 
w a t t s  (50 urad)  

Night - 1. 71 x 
w a t t s  (10 urad) 

D.ay - 3. 34 
watts (50 urad)  

Night - 4. 25 x 
watts (10 urad)  

DSV to Ea r th  

3 wat ts icmu 

1.96 x 
watts / cm2 

Transmi t te r  
Po we r:: 

Background 
Noise (Total)  

8. 58 x 
w a t t s  

2.5 x 
watts / cm2 

8. 58 x 1 2 . 5 ~ 1 0  - 20 ., 

8. 58 x 
watts 

- 20 2 . 5  x 10 
watts / cm2 

>$ 
The power required to overcome the background noise 
with a signal to noise ra t io  of 10. 
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8 . 2  CONCLUSIONS 

disadvantages of the three  communication links considered. 
given is a l i s t  of subtle influencing fac tors  that can change o r  make  a 
system the favored one. 
fac ts  given, one could logically a r r ive  a t  a prefer red  system involving a 
satell i te to deep space vehicle link. If the mission is specified as being to 
M a r s  in the near  future and continuous coverage is not needed, the body 
dynamics, cost, and reliability favors the earth-mounted station operating 
only a t  night. 
Venus f o r  example, the power requirement  alone to compete with the 
sunlit ea r th  (no night sky) would have ruled out the possibility of a 
t e r r e s t r i a l  based station. 

Table 8 ,4  gives in tabular form the obvious advantages and 
What is not 

As an example, judging the sys tems f rom the 

Had the mission selected been in the other direction, toward 

If an ear th  to deep space vehicle system is selected,  the best  
choice f o r  operating frequency is made much m o r e  difficult. 
a tmospheric  windows of lowest attenuation a r e  not necessar i ly  the bes t  
because some  of these occur at  very poor s ta te-of- the-ar t  detector 
sensit ivity frequencies o r  in low power l a s e r  modes.  
the frequency selection for atmospheric and vacuum environment as we l l  
as the whole system wi l l  be a continuing effort during the following study 
phase. 

The 

An attempt to optimize 

The study of deep space environment and i ts  effects on the 
electro-optical  design will be completed and used in the final selection of 
the design. 

The foregoing anaiysis makes  ii e v i c i a i i t  that i i i i p ~ ~ ~ c ~ ~ : c . ; . , t  is 
required in various areas of system technology before efficient utilization 
of wide bandwidth optical communications sys tems can  be made. 
principal concern is the problem of tracking and pointing of the extremely 
high gain antennas needed f o r  communication over  as t ronomical  ranges.  
Moreover , increased detector sensitivity a t  longer wavelengths (IR) would 
s e r v e  to diminish the effect of the la rge  signal (photon) noise which so 
ser.iously reduces bandwidth a t  the higher frequencies.  In addition, resolution 
of the problem of achieving high signal quality CW l a s e r  operation a t  
increased signal power must  be solved. These problems wi l l  be addressed 
ea r ly  in the design phase to establish an optimum system design which is 
commensurate  with the growing state-of-the-art  of the various components 
involve d . 

Of 
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